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ABSTRACT 


The  greenstone  belt  comprising  the  Ruttan  Lake  Mine 
consists  of  an  intimately  interlayered  sequence  of  basalt 
and  andesite  followed  by  acid  volcanic  rocks  ranging  from 
rhyolite  to  dacite  and  intercalated  with  minor  sedimentary 
rocks.  The  presence  of  pillow  structures  suggest  that  the 
volcanic  rocks  were  extruded  in  a  subaerial  to  shallow 
marine  environment.  Their  tholeiitic  trend  is  character¬ 
istic  of  island  arc  systems. 

The  Ruttan  Lake  Cu-Zn  deposit  consists  of  two  main 
ore  types  within  the  Wasekwan  volcanic  rocks  of  the  Pre- 
cambrian  Shield.  Massive  ore  occurs  in  a  complex  sequence 
of  mainly  rhyolite,  dacite  and  tuffs  which  are  overlain 
with  a  layer  of  andesite  and  basalt.  The  disseminated 
ores  occur  in  andesites  below  the  massive  ores.  Pyrite 
and  pyrrhotite  are  the  predominant  sulphides.  There  is 
an  enrichment  of  barium  and  of  sphalerite  relative  to 
chalcopyrite  and  of  Fe/Mn  ratios  toward  the  stratigraphic 
hanging  wall.  This  trend  appears  to  be  consistent  with 
marine  basin  deposition  and  supports  the  general  hypothesis 
of  volcanic-sedimentary  deposition  for  massive  sulphides. 

During  the  Hudsonian  Orogeny,  the  Wasekwan  volcanic 
rocks  underwent  upper  greenschist  and  lower  amphibolite 
facies  metamorphism.  Widespread  metamorphic  features  in 
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the  ore  deposit  suggest  that  the  ores  are  premetamorphic 
in  age. 

Iron  content  of  sphalerite,  which  is  resistant  to 
post  mineral  changes,  indicates  equilibrium  deposition 
for  pyrite,  pyrrhotite  and  sphalerite.  The  established 
pressure  of  deposition  is  about  6  Kb  using  the  Fe  content 
in  sphalerite  as  a  geobarometer.  A  probable  temperature 
of  deposition  determined  from  the  mole  %  FeS  in  sphalerite 
and  from  the  variation  in  sulphur  isotope  fractionation 
between  co-existing  sulphides  is  between  200°  and  250°C. 

The  narrow  range  of  sulphur  isotopic  composition  (with  a 
near  magmatic  mean  value)  indicates  a  magmatic  source  of 
sulphur . 

The  lead  isotope  data  support  a  three  or  higher  stage 
development  of  the  ore  leads,  with  mineralization  occurring 
sometime  between  1900  m.v.  and  1140  m.y.  ago.  The  lead 
probably  was  derived  from  a  deep-seated  source  and  was  well 
mixed  subsequently  to  ore  deposition.  The  intercept  with 
the  growth  curve  at  2850  m.y.  suggests  an  Archean  parentage 
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INTRODUCTION 


The  Ruttan  Lake  deposit  is  located  approximately  510 
miles  north  of  Winnipeg,  Manitoba  and  is  owned  and  oper¬ 
ated  by  Sherritt  Gordon  Mines  Ltd.  The  property  is  situ¬ 
ated  fifteen  miles  from  the  Provincial  Highway  391,  which 
now  connects  Lynn  Lake  and  Thompson  (see  Figure  1) . 

The  ore  body  was  discovered  through  an  airborne  geo¬ 
physical  survey  flown  in  July,  1968.  Ground  magnetic  and 
electromagnetic  surveys  were  conducted  that  same  summer 
and  by  April,  1969  the  area  was  staked  and  diamond  dril¬ 
ling  was  started.  The  mine  was  brought  into  production 
by  open  pit  method  in  the  spring  of  1973. 

Primary  diamond  drilling  (202,000  feet)  outlined  an 
ore  body  of  51,000,000  tons  at  a  grade  of  1.47%  copper 
and  1.61%  zinc  between  the  surface  and  the  2000  foot  lev¬ 
el.  Initial  open  pit  diluted  reserves  were  calculated  to 
be  21,000,000  tons  of  ore  at  a  grade  of  1.34%  copper  and 
2.12%  zinc  (Sherritt  Gordon  Mines  Ltd.  Annual  Report  - 
1972) . 

The  topography  of  the  Ruttan  Lake  area  is  typical  of 
the  Precambrian  Shield.  Topographic  relief  is  almost  non¬ 
existent,  with  a  maximum  difference  in  elevation  of  about 
100  feet.  Numerous  lakes  and  muskeg  occur  and  permafrost 
conditions  exist  in  most  parts  of  this  area. 
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OBJECTIVES  OF  THE  THESIS 


The  purpose  of  this  thesis  is  to  study  the  geological 
and  chemical  factors  that  would  have  influenced  ore  depo¬ 
sition  and  hence  reconstruct  a  possible  geological  environ¬ 
ment  at  the  time  the  ore  body  was  formed. 

Laboratory  techniques  conducted  on  the  samples  from 
Ruttan  Lake  included:  optical,  electron  microprobe,  mass 
spectrometer  and  atomic  absorption  analyses.  Using  these 
techniques,  it  was  possible  to  obtain  information  concern¬ 
ing  mineral  associations  and  textural  relations,  Fe--content 
in  sphalerite,  sulphur  isotope  ratios,  Pb  isotope  ratios 
and  minor  element  distribution  in  the  ore  minerals. 

Objectives  of  the  present  work  are  outlined  as  follows 

(1)  to  relate  the  local  mine  geology  to  the  regional  geo¬ 
logical  setting  and  hence  to  provide  some  fundamental  knowl 
edge  on  the  nature  and  characteristics  of  the  ore  deposit. 

(2)  to  reveal  the  possible  processes  responsible  for  ore 
deposition  from  a  study  of  isotope  and  minor  element  geo¬ 
chemistry  of  the  deposit. 

(3)  to  postulate  a  geological  and  geochemical  environment 
which  influenced  the  formation  of  the  deposit. 
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CHAPTER  I  REGIONAL  GEOLOGY 


The  Rut tan  Lake  area  belongs  to  the  Churchill  Struc¬ 
tural  Province  and  is  characterized  by  a  thick  Archean  com¬ 
plex  of  metavolcanic  and  metasedimentary  rocks  (see  Figure 
2).  Reconnaissance  mapping  in  the  Granville  Lake,  Rusty 
Lake,  Lynn  Lake  and  Ruttan  Lake  areas  by  Henderson,  Norman 
and  Downie  (1936) ,  Bateman  (1945)  ,  Milligan  (1960) ,  Bur- 
wash  (1962),  Pearce  (1964),  Milligan  (1964),  Bristol  (1966) 
and  more  recently  in  1972  by  M.A.  Steeves  and  C.F.  Lamb 
established  the  Precambrian  rocks  into  five  stratigraphic 
units:  (1)  Wasekwan  series  of  volcanic  and  sedimentary 

rocks,  (2)  Pre-Sickle  intrusives,  (3)  Sickle  sediments, 

(4)  Opachuanau  gneisses,  and  (5)  Post-Sickle  intrusives 
(see  Table  of  Formations  in  Table  1) . 

The  oldest  rocks  are  the  Wasekwan  series  which  com¬ 
prise  the  Rusty  Lake  greenstone  belt  of  interbedded  tightly 
and  intricately  folded  volcanic  and  sedimentary  rocks.  The 
volcanic  rocks  include  broadly  differentiated  suites  ranging 
from  basalts  to  rhyolites  in  composition/ while  the  inter¬ 
calated  sedimentary  rocks  include  cherts,  siliceous  frag¬ 
mental  tuffs,  and  argillites.  These  rocks  have  been  meta¬ 
morphosed  to  hornblende  schists,  amphibolites  and  quartz- 
biotite  schists.  The  amphibolitic  rocks  are  probably  the 
metamorphosed  equivalents  of  volcanicl astic  rocks  while  the 
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Legend  for  Figure  2 


Precambrian 


Post  Sickle  Intrusive  Rocks 

Pink  Granite  and  Quartz  Monzonite 

Granodiorite 


Pre  Sickle  Intrusive  Rocks 


Hornblende  Diorite  and  Gabbro 


Wasekwan  Group 

Meta-basalt;  meta-andesite 

Meta-arkose,  feldspathic  quartzite,  minor 
arkosic  conglomerate 


Dacite,  minor  rhyolite  and  rhyoaacite, 
acid  tuff,  agglomerate,  volcanic 
breccia 


Meta-argillite,  acid  and  intermediate 
pyroclastic  rocks 


Symbols 

Road 


Ruttan  Lake  Mine 
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Figure  2 


Geology  of  the  Ruttan  Lake  Area 
(Steeves  and  Lamb,  1972) 


TABLE  1  TABLE  OF  FORMATIONS 
(Steeves  and  Lamb,  1972) 


PLEISTOCENE 

AND 

RECENT 


Till:  lacustrine  clays  and  silts:  outwash 

deposits:  minor  sand  and  gravel  deposits 


GREAT  UNCONFORMITY 


Z 

< 

H 

« 

0) 

2 

<< 

O 

w 

oz 

CM 


POST-SICKLE  INTRUSIONS 

Diabase 

Pegmatite  and  aplite 

Pink  "quartz-eye"  granite,  quartz 
monzonite 

Quartz  monzonite 

Pink  granite  and  quartz  monzonite, 
minor  alaskite 

Biotite-hornblende  granodiorite  with 
dioritic  to  quartz  dioritic  contact 
phases;  minor  quartz  monzonite 

Quartz  monzonite,  granite 

Granodiorite  _ 

Opachuanau  Gneisses 

Biotite-hornblende  intermediate  gneiss 

Quartz  diorite,  leuco-quartz  diorite 

-  INTRUSIVE  CONTACT  - 


SICKLE  GROUP 

Biotite-muscovite-quartz  schist 
Arkosic  conglomerate,  minor  arkose 

UNCONFORMITY 


PRE- SICKLE  INTRUSIONS 

Diorite,  quartz  diorite 

Hornblende  gabbro,  hornblendite ,  minor 
diorite  and  quartz  diorite 

-  INTRUSIVE  CONTACT  - 


WASEKVJAN  GROUP 

Sulphide  zone 

Porphyritic  meta-basalt  and  meta-andesite 

Meta-basalt,  meta-andesite 

Meta-arkose,  feldspatnic  quartzite,  minor 
arkosic  conglomerate 

Greywacke  conglomerate 

Acid  and  intermediate  pyroclastic  rocks, 
metamorphosed  volcaniclastic  rocks, 
meta-argillite,  amphibolite 

Dacite,  minor  rhyolite  and  rhycdacite, 
acid  tuff,  agglomerate,  volcanic  breccia 

Porphyritic  meta-basalt,  meta-andesite, 
meta-picrite 

Meta-basalt,  meta-andesite,  meta-picrite; 
includes  minor  amounts  of  dacite,  minor 
rhyolite  and  rhyodacite,  acid  tuff, 
agglomerate,  volcanic  breccia,  acid  and 
intermediate  pyroclastic  rocks,  metamor¬ 
phosed  volcaniclastic  rocks,  meta-argillite, 
amphibol ite 

Politic  biotite  gneiss 
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quartz-biotite  schists  were  probably  derived  from  more 
argillaceous  sedimentary  rocks. 

The  Wasekwan  rocks  occupy  almost  50%  of  the  Ruttan 
Lake  area  with  the  metavolcanic  rocks  being  much  better 
exposed  than  the  metasedimentary  rocks.  Regionally  the 
Wasekwan  series  has  an  irregular  form  and  consists  of 
branching  limbs  and  disconnected  patches  with  a  general 
trend  of  east  to  northeasterly. 

Basic  to  intermediate  extrusive  rocks ,  occasionally 
with  porphyritic  varieties,  constitute  the  major  part  of 
the  lower  Wasekwan  volcanic  sequence.  Due  to  their  sim¬ 
ilar  colors  and  textures  it  is  difficult  to  distinguish 
them  in  the  field.  Metabasalt  is  the  most  common  rock 
type  in  the  sequence  and  local  occurrences  of  ellipsoidal 
and  amygdaloidal  lavas  .can  be  found.  Meta  andesites  are 
almost  impossible  to  distinguish  from  the  basalts  by  field 
techniques . 

Lenticular,  easterly-trending  bodies  of  metamorphosed 
rhyolite  and  dacite  outcrop  east  of  Ruttan  Lake.  These 
rocks  are  readily  distinguishable  from  more  basic  varieties 
by  their  light  pinkish  grey  color  and  conchoidal  fracture. 
Many  of  the  fine-grained  acid  volcanic  rocks  display  thin 
flow  layering  consisting  of  quartz- felspathi c  and  darker 
mafic  layers.  Tuffaceous  beds  often  occur  near  these  rhy¬ 


olites  and  dacites. 
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Steeves  and  Lamb  (1972)  report  two  occurrences  of 
possible  ignimbrites  in  the  map  area.  Varying  sizes  of 
rhyolitic  clasts  occur  in  a  dacitic  groundmass.  Agglom¬ 
erate  and  volcanic  breccias  are  also  found  interbedded  in 
the  basic  volcanic  sequence.  The  agglomerates  are  usually 
associated  with  acid  flows  and  tuffs  and  contain  well- 
rounded  rhyolitic  clasts  in  a  fine-grained  mafic  ground- 
mass.  The  angular  fragments  of  the  breccia  are  usually 
basaltic  in  a  less  basic  groundmass. 

The  Upper  Wasekwan  Group  consists  of  a  sequence  of 
metasediments  with  isolated  intercalated  basic  and  inter¬ 
mediate  volcanic  flows.  Acid  and  intermediate  pyroclastic 
rocks  constitute  the  larger  portion  of  these  rocks.  The 
pyroclastic  rocks  are  generally  non-f ragmental  but  occur¬ 
rences  of  lapilli  tuffs  have  been  reported  by  Steeves  and 
Lamb  (1972).  Volcaniclastic  rocks,  consisting  of  volcanic 
graywackes  and  siltstones,  are  often  difficult  to  distin¬ 
guish  from  flow  rocks.  In  outcrop  they  are  generally  more 
rounded  and  weakly  jointed  as  compared  to  flew  outcrops 
which  are  blocky  and  well  jointed.  Meta-graywackes  re¬ 
semble  the  volcaniclastic  rocks,  only  are  lighter  in  color 
and  contain  visible  quartz.  Greywacke  conglomerate  with 
acid  volcanic  clasts,  epidotized  clasts  of  Wasekwan  volcan¬ 
iclastic  metasediments  and  granitic  clasts  have  also  been 
mapped  by  Steeves  and  Lamb  (1972)  but  are  not  found  in 
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abundance . 

Meta-argillite  occurs  as  thin  seams  in  the  metavol- 
canic  and  metasedimentary  rocks  of  the  Wasekwan  group. 

These  are  the  only  rocks  in  the  Rusty  Lake  greenstone  that 
commonly  contain  garnet. 

The  Wasekwan  series  has  been  intruded  by  small  irreg¬ 
ular  plugs,  dykes  and  sills  composed  of  hornblende  diorite 
and  quartz  diorite.  These  Pre-Sickle  intrusives  outcrop 
on  the  eastern  side  of  Ruttan  Lake  and  constitute  the  ear¬ 
liest  intrusives  in  the  area.  They  are  younger  than  the 
Wasekwan  rocks  by  distinct  intrusive  relationships.  Por- 
phyritic  banded  textures,  various  grain  sizes  and  changes 
in  mineralogy  can  be  observed  in  these  intrusive  rocks. 

The  dominant  mafic  mineral  present  in  these  dark  grey 
rocks  is  hornblende,  which  appears  to  have  been  altered  at 
least  in  part  to  actinolite.  Some  of  the  hornblende  has 
been  altered  to  chlorite.  The  metamorphic  grade  is  that 
of  the  upper  amphibolite  facies  although  the  presence  of 
chlorite  and  biotite  may  be  due  to  retrograde  metamorphism. 

The  Sickle  group  comprises  arkosic  conglomerate  and 
sedimentary  rocks  which  have  been  metamorphosed  to  quartz- 
mica  schist  and  biotite-muscovite-quartz  schist.  These 
schists  were  probably  derived  from  shale,  arkose  and  silt- 
stone.  The  relatively  simple  structure  and  low  grade  of 
metamorphism  infer  the  Sickle  rocks  to  be  considerably 
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younger  than  the  Wasekwan  group  and  the  Pre-Sickle  intru- 
sives .  Milligan  (1960)  made  the  following  observations 
for  evidence  of  an  unconformity  at  the  base  of  the  Sickle 
Group:  (i)  the  Wasekwan  and  Post-Sickle  rocks  are  more 

intensely  folded,  (ii)  a  slight  angular  unconformity  was 
observed  locally,  and  (iii)  abundant  pebbles  of  Wasekwan 
metavolcanics  and  metasediments  and  pre-Sickle  intrusive 
rocks  occur  in  the  Sickle  arkosic  conglomerate.  These 
pebbles  must  have  been  the  result  of  erosion  following 
deposition  and  intrusion  of  the  Wasekwan  rocks.  Based  on 
the  mineralogy  and  texture,  Burwash  (1962)  suggested  that 
the  Sickle  sediments  were  well-sorted  shallow  marine  shelf 
deposits . 

Steeves  and  Lamb  (1972)  introduce  the  term  Opachuan.au 
gneisses  as  their  field  observations  indicate  that  some  of 
the  gneisses  are  derived  from  Sickle  rocks.  In  the  Ruttan 
Lake  area  the  most  predominant  gneissic  rock  is  a  biotite- 
hornblende  intermediate  gneiss  but  no  field  relations  were 
observed  which  would  suggest  that  it  was  derived  from  Sic¬ 
kle  rocks.  These  gneisses  are  well  foliated  and  are  fine- 
to  medium-grained.  The  foliation  is  defined  by  a  preferred 
orientation  of  biotite  and  hornblende. 

Response  to  differential  glaciation,  the  post-Sickle 
intrusives  show  the  greatest  topographic  relief.  They  con¬ 
stitute  the  youngest  rocks  in  the  Ruttan  Lake  area  and 
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include  hornblende-biotite  granodiorite  and  pink  gneissic 
granite  with  pegmatite  and  diabase  dykes. 

The  hornblende-biotite  granodiorite  and  quartz  monzo- 
nite  granite  are  massive,  medium-  to  coarse-grained  and 
usually  well  jointed.  The  granodiorite  is  pale  pink  to 
light  grey,  medium-  to  coarse-grained  and  generally  massive 
while  the  quartz-rich  granite  is  coarse-grained  and  appears 
pale  pink  to  buff  color  and  contains  more  potassium  feld¬ 
spar.  The  granite  often  has  a  gneissic  texture.  Pearce 
(1964)  and  Steeves  and  Lamb  (1972)  consider  the  quartz 
monzonite  granite  to  probably  be  a  leucocratic  differen¬ 
tiate  of  the  granodiorite.  Granitic  intrusives  in  the 
Wasekwan  series  have  produced  contact  areas  with  variations 
in  mineralogical  composition  due  to  assimilation.  The 
granodiorite  becomes  dioritic  to  quartz  dioritic  in  compo¬ 
sition  . 

The  pegmatite  occurs  mostly  as  sharp-edged  dykes  in 
the  area  and  crosscuts  the  Sickle  rocks  or  their  metamor¬ 
phosed  equivalents.  Two  fairly  large  dykes  of  diabase  com¬ 
position  are  present  just  east  of  Ruttan  Lake.  These  are 
the  youngest  rocks  in  the  map  area  and  show  relatively 
little  alteration  of  the  constituent  minerals. 
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Structural  Geology 

Pearce  (1964)  and  Steeves  and  Lamb  (1972)  suggest  two 
periods  of  folding  in  the  Ruttan  Lake  area  —  east-west 
regional  foliation  developed  a  series  of  isoclinal  folds 
on  all  rocks  older  than  the  post-Sickle  intrusions  and 
represents  the  first  identifiable  period  of  deformation  in 
the  area.  The  diorite  intrusions  probably  occurred  prior 
to  this  folding  as  these  intrusive  masses  have  undergone 
considerable  deformation.  The  intrusion  of  the  granodio- 
rite  and  granite  caused  only  gentle  folding  but  this  in¬ 
trusive  event  was  followed  by  northeast  and  northwest 
trending  faults.  East  of  Ruttan  Lake  an  anticline-syncline 
pair  of  folds  plunges  to  the  east  and  has  northeasterly 
trending  axial  planes.  The  granitic  rocks  in  the  hinge 
zone  of  the  anticline  appear  to  postdate  the  folding  as 
they  are  generally  massive  (Steeves  and  Lamb,  1972). 

Faults  and  shear  zones  in  the  Ruttan  area  occur  in  north¬ 
east,  northwest,  and  easterly  directions. 

Poor  outcrop,  lack  of  good  marker  horizons  and  dis¬ 
continuity  of  rock  units  make  interpretation  of  the  struc¬ 
ture  of  the  Rusty  Lake  greenstone  belt  difficult.  Region¬ 
ally  the  belt  consists  of  steeply  dipping  intercalated 
metavolcanic  and  metasedimentary  rocks.  Regional  foliation 
due  to  tectonic  stresses,  intrusion  of  the  granodiorite 
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batholith  and  the  effects  of  greenschist  to  amphibolite 
facies  metamorphism  have  destroyed  most  primary  structures 
and  textures  in  the  rocks  of  the  Ruttan  Lake  area. 

In  most  cases  primary  sedimentary  structures  are  too 
poorly  developed  or  preserved  to  conclusively  determine 
tops  of  beds  although  relict  bedding  is  preserved  in  some 
metasedimentary  rocks  of  both  the  Wasekwan  and  Sickle 
groups.  Steeves  and  Lamb  (1972)  report  a  few  occurrences 
of  ellipsoidal  lavas  in  the  Wasekwan  Group  and  the  occa¬ 
sional  presence  of  spherical  pillows.  Jones  (1969)  re¬ 
gards  the  presence  of  these  pillow  structures  to  indicate 
subaerial  extrusion  flowing  into  shallow  water  rather  than 
submarine  extrusion.  The  occurrence  of  ignimbrites  would 
be  indicative  of  subaerial  volcanic  activity.  The  unsorted 
state  of  the  coarser  pyroclastic  rocks  and  the  presence  of 
cross-bedding  in  some  of  the  acid  tuffs  would  also  suggest 
a  subaerial  to  shallow  water  environment.  The  presence  of 
coarse  pyroclastics  such  as  lapilli  tuffs,  tuf f-breccias , 
and  agglomerates  would  infer  proximity  to  the  domical  vol¬ 
canic  centre. 


Metamorphism 


The  volcanic  rocks  of  the  Wasekwan  Group  and  Pre-Sickle 


Intrusives  have  been  considerably  altered  during  regional 


*.* 


•* 


. 


* 


. 


15 


metamorphism.  The  metamorphic  grade  of  most  of  the  meta- 
volcanic  rocks  is  variable  and  difficult  to  define  due  to 
the  lack  of  indicator  minerals.  In  the  Ruttan  Lake  area 
the  greenstone  belt  is  comprised  of  rocks  of  lower  amphi¬ 
bolite  facies  to  epidote-amphibol ite  lithologies  and  rocks 
of  the  greenschist  facies. 

The  rocks  of  the  amphibolite  facies  are  mainly  fine¬ 
grained  meta-basalts  and  meta-andesites.  The  major  con¬ 
stituent  minerals  are  hornblende  and  plagioclase  with  mi¬ 
nor  epidote.  The  rocks  of  the  epidote-amphibolite  facies 
are  relatively  massive  and  contain  light  green  fibrous 
amphibole,  plagioclase  and  epidote  with  small  amounts  of 
quartz.  The  constituents  of  the  greenschist  lithologies 
are  green  chlorite,  epidote,  plagioclase  and  quartz. 

The  gneisses  and  some  of  the  metasedimentary  rocks 
appear  to  have  been  metamorphosed  to  the  lower  amphibolite 
facies.  Staurolite  and  appreciable  amounts  of  garnet  are 
found  in  the.  metasedimentary  rocks  and  meta-argillites. 

Chemistry  of  the  Volcanic  Igneous  Rocks 

Introduction 

Considerable  chemical  data  has  been  published  on  the 
volcanic  rocks  in  the  Canadian  Shield.  Many  authors  point 
out  their  chemical  similarity  to  the  volcanic  rocks  of 
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present-day  island  arcs  and  continental  margins  (Wilson 
et  al . ,  1965;  Folinsbee  et  al.,  1968). 

The  Manitoba  Department  of  Mines,  Resources  and  En¬ 
vironmental  Management  did  chemical  analysis  on  several 
samples  from  the  Rusty  Lake  greenstone  belt  which  in¬ 
cludes  the  Ruttan  Lake  ore  deposit.  Using  the  silica 
percentage  (Goodwin,  1968)  to  classify  the  various  types 
of  extrusive  and  intrusive  rocks,  chemical  variation  dia¬ 
grams  have  been  constructed  which  distinguish  three  cat¬ 
egories  of  basalt:  olivine-alkali  basalt,  tholeiite  and 
high-alumina  basalt  (Kuno,  1968).  Due  to  recrystalliza¬ 
tion  of  the  volcanic  rocks  in  the  Rusty  Lake  greenstone 
belt,  the  distinction  between  the  three  categories  of 
basaltic  rocks  is  based  almost  exclusively  on  the  varia¬ 
tion  diagrams  and  the  chemical  analysis.  By  incorporating 
this  data  into  the  thesis  it  is  hoped  to  draw  some  conclu¬ 
sions  as  to  the  origin  of  the  volcanics  and  the  geologic 
environment  at  the  time  of  their  deposition. 

Results 

Figure  3  shows  locations  of  the  chemically  analyzed 
samples  and  Table  2  gives  the  chemical  analysis  and  C.I.P.W. 
norms  for  analyzed  samples  in  the  vicinity  of  Ruttan  Lake. 
The  chemical  analysis  indicate  distinctive  chemical  char¬ 
acteristics  for  the  metavolcanic  s :  (i)  high  content, 
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(ii)  low  Ti02  content,  (iii)  high  FeO:Fe202  ratios,  (iv) 
a  high  CaO  and  correspondingly  low  MgO  content,  (v)  low 
alkali  content  (especially  1^0)  and  (vi)  high  volatile 
content  (CC>2  +  ^0)  (Steeves  and  Lamb,  1972)  .  From  the 
C.I.P.W.  norms,  the  basic  extrusive  rocks  of  the  Rusty 
Lake  greenstone  belt  display  normative  mineralogical  char¬ 
acteristics  of  both  tholeiitic  and  alkali-olivine  basalts 
and  thus  correspond  closely  to  Kuno 1 s  (1960)  high  alumina 
basalts.  The  acid  and  intermediate  rocks  all  contain 
quartz  and  orthopyroxene  but  no  olivine  or  nepheline,  only 
small  amounts  of  clinopyroxene  with  respect  to  orthopyrox¬ 
ene  and  hence  tend  to  be  more  tholeiitic  than  the  basic 
rocks  (Steeves  and  Lamb,  1972). 

Figure  4  shows  the  trend  in  compositional  change  be¬ 
tween  the  calc-alkaline  and  tholeiitic  series  in  an  MgO  - 

FeO  -  Nao0  +  Ko0  diagram.  Typical  tholeiitic  series  show 

z  z 

trends  approximately  parallel  to  the  MgO  -  FeO  side  in 
their  early  and  middle  stages  of  fractional  crystalliza¬ 
tion,  whereas  typical  calc-alkaline  series  show  trends 
approximately  normal  to  the  MgO  -  FeO  side  (Miyashiro, 

1974  ).  Samples'  of  basalt  and  gabbro  from  the  Rusty  Lake 
greenstone  belt  show  a  parallel  trend  to  the  FeO  -  MgO  side 
while  samples  of  rhyolite  and  rhyodacite  are  more  normal  to 
it.  In  general,  the  extrusive  rocks  show  the  high-iron  type 
of  fractionation  characteristic  of  tholeiites. 
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Figure  5  illustrates  changes  in  SiO^  and  FeO  content 
with  increasing  FeO/MgO  ratios  of  the  volcanics.  Using 
boundary  curves  as  defined  by  Miyashiro  (1974),  there  is 
a  gradation  from  calc-alkaline  to  tholeiitic  trend. 

Figure  6  shows  the  trends  of  variation  of  Ti02  con¬ 
tent  with  FeO/MgO  in  the  volcanic  rock  series.  In  the 
calc-alkaline  series,  the  TiC>2  content  decreases  with  in¬ 
creasing  FeO/MgO,  whereas  it  increases  first  and  then  de¬ 
creases  in  typical  tholeiitic  series.  The  resulting  trend 
shows  a  depleting  Ti00  and  increasing  FeO/MgO  from  basic 
to  acid  volcanic  rocks. 

Calc-alkaline  series  rocks  usually  have  higher  K20 
contents  than  the  associated  tholeiitic  series  rocks  with 
the  same  FeO/MgO  ratios  as  well  as  with  the  same  SiC>2  con¬ 
tents.  Figure  7  shows  K^O  content  of  the  volcanic  rocks 
compared  with  SiC>2  content.  Most  of  the  samples  plotted 
in  the  tholeiitic  and  high-alumina  fields.  Those  samples 
in  the  alkali-olivine  field  are  basaltic,  while  those  in 
the  tholeiitic  field  include  some  of  the  more  acidic  vol¬ 
canic  rocks.  Many  of  the  samples  plot  close  to  the  tholei- 
ite/alkali-olivine  boundary,  which  further  indicates  the 
transitional  nature  of  the  volcanic  rocks  in  the  Rusty 
Lake  greenstone  belt. 

White  et  al .  (1971)  suggested  that  the  Archean  green¬ 

stone  belts  of  Precambrian  shields  may  represent  oceanic 
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Figure  5.  Changes  in  SiC>2  Content  with 

increasing  FeO/Mgo  Ratios 
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Figure  7.  Alkali-Silica  Diagram 

Alkali-olivine  and  Tholeiitic 
field  boundaries  after 
Kuno  (1968) 
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crust.  Pearce  et  al.  (1974)  proposed  the  use  of  TiO^  - 
-  P2°5  ternarY  diagrams  us  a  method  of  discriminating 
between  oceanic  and  non-oceanic  (continental)  basalts. 

They  concluded  that  Archean  basalts  suggest  preponderant 
oceanic  affinities.  Figure  8  shows  the  TiC^  -  1^0  -  P2°5 
plots  for  a  few  of  the  Rusty  Lake  basalts.  The  results 
show  an  affinity  to  the  oceanic  field  indicating  the  pos¬ 
sibility  that  these  basalts  were  generated  under  conditions 
similar  to  that  of  present-day  oceanic  basalts.  The  en¬ 
richment  of  K^O  relative  to  TiC^  and  Po0,_  is  most  likely 
due  to  alteration  and  metamorphism. 

Discussion 

The  volcanic  rocks  in  the  Ruttan  Lake  area  are  primar¬ 
ily  basalt,  andesite,  dacite,  rhyodacite  and  rhyolite. 

They  occur  as  an  intimately  interlayered  sequence  of  basalt 
and  andesite  followed  by  acid  volcanic  rocks  ranging  in 
composition  from  rhyolite  to  dacite.  The  presence  of  pil¬ 
low  structures  (although  usually  poorly  preserved)  suggest 
that  they  were  extruded  in  a  subaerial  to  shallow  marine 
environment.  The  chemistry  of  the  acid  volcanics  suggests 
that  they  tend  to  be  more  tholeiitic  whereas  the  basic  rocks 
display  characteristics  of  both  tholeiitic  and  alkali- 
olivine  basalts. 

Kuno  (1960)  concluded  that  rocks  with  high  Al  content 
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Figure  8,  Ti02  ~  K2O  - 

volcanic  rocks  from  the 
Rusty  Lake  Greenstone 
Belt 
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and  found  in  island  arc  systems,  are  intermediate  between 
the  tholeiitic  rocks  of  the  continental  side  and  the  alkali- 
olivine  rocks  on  the  oceanic  side.  Wilson  et  al.  (1965) 
state  that  tholeiites  are  characteristic  of  continental 
orogenic  regions  including  island  arc  systems. 

Miyashiro  (1974)  showed  that  immature  island  arcs  are 
usually  made  up  predominantly  of  basaltic  rocks  of  the 
tholeiitic  series,  and  that  with  advancing  development  of 
continental-type  crust  and  presumably  with  progressive  de¬ 
pletion  of  the  underlying  upper  mantle,  the  predominant 
volcanic  rocks  tend  to  become  andesite  and  even  dacite  and 
rhyolite  of  the  calc-alkali  series.  The  transitional  na¬ 
ture  of  the  volcanic  rocks  in  the  Rusty  Lake  greenstone 
belt,  in  which  the  Ruttan  Lake  deposit  is  located,  is  in¬ 
dicative  of  an  island  arc  type  of  environment. 
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CHAPTER  II  GEOLOGY  OF  THE  RUTTAN  LAKE 

ORE  DEPOSIT 

A.  The  Host  Rocks 

The  Ruttan  Lake  deposit  is  located  in  the  Rusty  Lake 
greenstone  belt  consisting  of  Archean  volcanic  and  sedi¬ 
mentary  rocks,  a  geological  setting  typical  of  many  Canad¬ 
ian  massive  sulphide  deposits  of  the  same  age.  The  deposit 
is  controversial  in  origin  as  are  many  of  the  economic 
sulphides  deposits  in  the  Canadian  Shield.  The  two  main 
opposing  theories  of  ore  genesis  are  that  the  economic 
sulphide  deposits  originated  from  hydrothermal  replacement 
of  pre-existing  Wasekwan  rocks  or  that  the  initial  deriva¬ 
tion  of  ore  metals  was  from  submarine  volcanic  exhalation, 
precipitation  of  the  metals  and  their  incorporation  in  sea¬ 
floor  acid  volcanic  flows  and  minor  sedimentary  rocks,  fol¬ 
lowed  by  metamorphism. 

Hutchinson  (1973)  suggests  that  massive  pyritic  base- 
metal  sulphide  deposits  in  volcanic  rocks  are  of  volcano- 
genic  origin  and  were  formed  in  recurrent  episodes  of  sea¬ 
floor  fumarolic  activity  during  prolonged  periods  of  sub¬ 
aqueous  volcanism.  The  Ruttan  Lake  deposit  is  typical  of 
massive  volcanogenic  stratiform  Archean- type  deposits. 
Copper-zinc  mineralization  occurs  between  basaltic-andesite 
flows  and  coarse-grained  pyroclastics  and  felsic  flows. 
Intercalated  tuffaceous  beds,  and  sedimentary  layers  of 
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metaargillites  and  cherts  occur  in  the  main  volcanic  se¬ 
quences.  These  'host'  rocks  for  the  ore  have  been  meta¬ 
morphosed  to  quartz-biotite-hornblende  schists,  quartz- 
biotite  gneiss,  quartzite,  sericite  and  chlorite  schists 
and  are  intersected  with  dykes  of  granite,  gabbro,  diabase 
and  andesite. 

An  alteration  halo  of  quartz  sericite  and  chlorite- 
pyrite-quart z-sericite  appears  to  envelope  the  ore  body. 

Due  to  the  greenschist  facies  of  metamorphism  these  alter¬ 
ation  zones  adjacent  to  massive  sulphide  deposits  are  dif¬ 
ficult  to  distinguish  from  the  regionally  metamorphosed 
country  rock.  Chlorite  and  sericite  are  concentrated  in 
the  footwall  of  the  ore  body.  Silicif ication  appears  to 
decrease  towards  the  footwall. 

There  are  basically  three  parallel  ore  zones  which 
strike  N  70°E,  dip  67°  SE  and  plunge  45°  east.  Strati- 
graphically  the  sulphide  bodies  occur  within  metamorphosed 
dacites,  rhyodacites,  rhyolite,  basalt  and  andesite  which 
are  intercalated  with  breccias,  tuffs  and  cherts.  Table  3 
shows  possible  metamorphic  equivalents  of  primary  rock 
types  commonly  associated  with  Precambrian  massive  sulphide 
deposits  (Hutchinson,  1970;  Sangster,  1972) .  The  ore  bod¬ 
ies  appear  to  be  concordant  with  the  enclosing  steeply- 
dipping  volcanic  and  metasedimentary  rocks  (see  Figure  9). 

The  andesites  are  composed  of  hornblende,  plagioclase, 
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quartz,  chlorite  and  sericite  with  some  epidote.  Quartz 
and  calcite  veinlets  of  secondary  origin  are  common.  These 
andesites  are  often  highly  chloritized  and  sericitized. 

The  basalt  is  composed  primarily  of  hornblende  which  occurs 
as  subhedral,  prismatic  crystals.  The - plagioclase  is  also 
subhedral  and  poorly  twinned.  Biotite,  epidote  and  actin- 
olite  are  more  abundant  in  the  more  altered  samples.  Phe- 
nocrysts  of  hornblende,  plagioclase,  magnetite,  ilmenite 
and  biotite  occasionally  occur  in  the  more  porphyritic 
metabasalts  and  andesites. 

Dacites  comprise  the  larger  portion  of  the  acid  vol- 
canics  and  are  fine-grained,  medium  to  light  grey  in  color 
and  are  commonly  porphyritic.  The  phenocrysts  may  be  pla¬ 
gioclase,  biotite,  hornblende,  potassium  feldspar  or  quartz. 
The  rhyodacite  and  rhyolite  are  greyish  white  to  pink  and 
have  a  more  perfect  conchoidal  fracture  than  the  dacites. 
They  are  usually  fine-grained  to  aphanitic  but  may  be  por¬ 
phyritic.  Occasionally  ropy  textures  could  be  recognized 
and  optical  examinations  showed  the  groundmass  to  be  fine¬ 
grained  feldspar  and  quartz.  Texturally  and  mineralogical- 
ly  they  are  similar  to  the  dacites  but  are  richer  in  quartz 
and  potassium  feldspar.  Most  of  the  dacites,  rhyodacites 
and  rhyolites  show  strong  silicif icaticn  and  chloritization . 
Rhyolite  tuffs  occur  as  both  agglomerates  and  breccias  but 
it  is  difficult  to  distinguish  between  them.  Quartz,  seri¬ 
cite,  chlorite  and  plagioclase  constitute  the  groundmass 
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and  they  usually  contain  aggregates  of  chert.  They  are 
very  similar  in  composition  to  the  rhyolite  and  rhyodacite 
but  are  noticeably  coarser  and  fragmental.  Massive  sul¬ 
phide  fragments  of  pyrite  or  chalcopyrite  commonly  occur 
in  these  tuffs.  The  agglomerate  tuffs  are  white  to  greyish 
white  and  contain  well-rounded  rhyolitic  clasts  in  a  fine¬ 
grained  more  mafic  groundmass.  The  tuff  breccias  are  usu¬ 
ally  interbedded  with  basic  volcanic  rocks  with  the  clasts 
varying  in  size,  shape  and  composition.  The  rhyolite  and 
dacite  flows  and  tuffs  are  intercalated  with  argillaceous 
material.  All  the  volcanic  rocks  show  strong  silicifica- 
tion  and  chloritization  in  the  vicinity  of  the  ore  body. 

Small  outcrops  of  rhyolite  tuffs  near  the  deposit  and 
the  volcanic  rocks  overlying  the  deposit  contain  dissemi¬ 
nated  pyrite,  but  pyrrhotite,  chalcopyrite  and  sphalerite, 
all  of  which  are  typical  of  the  ore  body,  are  absent.  The 
larger  sulphide  fragments  are  angular  or  sub-rounded  indi¬ 
cating  a  pyroclastic  origin  but  with  the  very  fine-grained 
fragments  it  is  difficult  to  distinguish  them  from  sulphide 
grains  which  may  or  may  not  be  of  pyroclastic  origin. 

Sinclair  (1971)  suggests  that  the  presence  of  sulphide 
fragments  in  the  volcanic  rocks  overlying  the  ore  body 
could  be  due  to  volcanic  explosion.  The  gneisses  and  in¬ 
trusive  rocks  also  show  some  mineralization  but  this  usually 
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takes  the  form  of  disseminated  pyrite  and  pyrrhotite.  Min¬ 
eralization  also  occurs  in  thin  tuffaceous  beds  of  interca¬ 
lated  sedimentary  horizons  in  the  volcanic  sequence  and  in 
certain  horizons  in  the  sedimentary  part  of  the  sequence. 

From  the  chemical  composition  of  the  Rusty  Lake  green¬ 
stone  (Chapter  I) ,  the  volcanic  host  rocks  appear  to  have 
been  derived  by  differentiation  of  a  tholeiitic-type  parent 
magma  and  chemically  resemble  standard  tholeiitic  and  calc- 
alkalic  rocks  of  the  basalt,  andesite-rhyolite  association 
(Goodwin,  1968;  Irvine  and  Baragar,  1971).  These  rocks  are 
typically  identified  with  the  island  arc  or  eugeosynclinal 
environment.  Extrusion  of  calc-alkaline  volcanics  is  fre¬ 
quently  followed  by  orogenesis,  hence  accounting  for  the 
metamorphosed  nature  of  most  voicanogenic  massive  sulphide 
ores  (Sangster,  1972). 

B.  The  Sulphide  Deposit 

The  structure  of  the  Ruttan  Lake  deposit  is  complex 
with  much  evidence  of  folding,  shearing  and  faulting.  The 
deposit  appears  to  be  in  part  structurally  controlled,  along 
a  northeasterly  trending  shear  zone.  The  ore  body  is  folded 
along  with  the  enclosing  volcanic  and  metasedimentary  rocks. 
There  is  strong  evidence  that  this  deposit  is  up-turned. 
Although  it  is  very  difficult  to  determine  the  volcanic  and 
intercalated  sedimentary  stratigraphy  since  there  appears 
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to  be  more  than  one  extrusion  of  basic  lavas,  zonation  and 
distribution  of  the  sulphide  minerals  suggest  that  the  de¬ 
posit  has  been  up-turned. 

The  ore  body  is  situated  near  the  southern  boundary  of 
the  greenstone  belt  and  appears  to  be  a  structure  in  which 
mineralization  occurs  over  a  length  of  about  2800  feet  and 
a  width  of  450  feet  in  the  centre  section  but  narrowing 
towards  each  end.  Within  this  broad  structure  there  are 
basically  three  parallel  ore  zones  (see  Figure  10) . 
Elsewhere,  narrower  ore  lenses  occur  as  separate  parallel 
bodies,  with  the  largest  one  to  the  west  of  the  main  ore 
body.  This  lense  could  possibly  have  been  displaced  from 
the  main  ore  body  by  a  northeast  trending  fault. 

The  deposit  appears  to  be  in  part  structurally  con¬ 
trolled  by  a  northeasterly  trending  shear  zone  although  the 
precise  time  relationship  between  ore  emplacement  and  the 
shearing  is  not  known.  The  Ruttan  ore  body  has  undergone 
metamorphic  effects  related  to  regional  metamorphism,  dy¬ 
namic  metamorphism  and  post-Sickle  intrusions,  hence  indi¬ 
cating  that  the  ores  are  pre-metamorphic  in  age.  Structures 
within  the  ores  'appear  to  be  similar  with  those  in  the  en¬ 
closing  rocks,  resulting  in  the  possible  deformation  of  the 
ore  body  due  to  slip  folding  and  transposition.  The  simil¬ 
arity  of  mesoscopic  structures  in  the  ores  and  host  rocks 
supports  this  theory. 

There  are  two  distinct  types  of  ore  -  namely  massive 
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Figure  10.  Plan  View  and  Cross  Section 

of  Ruttan  Lake  Sulphide 
Zones 
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sulphides  and  disseminated  sulphides.  The  massive  sul¬ 
phides  constitute  the  larger  portion  of  the  ore  and  con¬ 
sist  mainly  of  fine-grained  pyrite  and  pyrrhotite  with 
varying  amounts  of  chalcopyrite  and  sphalerite  (see  Photo¬ 
graph  1).  Gangue  minerals  include  quartz,  sericite,  cal- 
cite,  chlorite  and  epidote.  Within  the  massive  ore  bodies, 
chalcopyrite  occurs  irregularly  throughout  the  sulphide 
but  is  concentrated  toward  the  footwall  and  sphalerite 
toward  the  hanging  wall. 

The  solid  sulphides  can  be  banded  or  massive.  The 
sulphide  bands  are  usually  parallel  to  contacts  of  the 
massive  ore  with  the  wall  rock  except  where  they  are 
strongly  deformed  by  drag  folds.  Brecciation  is  common 
in  pyrite-rich  bands.  On  the  hanging  wall  the  sphalerite 
occurs  interlayered  with  the  pyrite  giving  the  sulphide  a 
distinct  banded  appearance.  The  massive  chalcopyrite  ores 
are  always  accompanied  with  pyrite,  pyrrhotite  and  variable 
amounts  of  sphalerite.  The  massive  sphalerite  ores  contain 
pyrite  and  pyrrhotite.  Small  amounts  of  gold  and  silver 
occur  in  the  solid  sulphide  ores. 

The  sheared  massive  ores  display  weakly  deformed  col- 
loform  textures  (Photograph  2),  pyrite  porphyroblasts , 
exsolution  of  chalcopyrite  and  pyrrhotite  in  sphalerite 
(see  Photograph  3)  and  widespread  granulation  of  pyrite. 

The  disseminated  ore  resembles  massive  ore  in  that  it 
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contains  the  same  opaque  minerals  and  the  same  gangue  min¬ 
erals  as  the  enclosing  rocks.  Pyrite,  chalcopyr ite ,  occa¬ 
sionally  pyrrhotite,  only  minor  amounts  of  sphalerite  are 
found  in  the  disseminated  ores  (see  Photographs  4  and  5) 
and  no  gold  or  silver.  Much  of  the  disseminated  ore  is 
strongly  sheared  due  to  its  location  in  the  lower  part  of 
the  ore  body.  The  disseminated  ores  mostly  occur  in  chlo¬ 
rite,  sericite  and  talc  schists.  The  talc  schists  decrease 
with  depth.  Chalcopyrite  is  found  as  irregular  sulphide 
veinlets  throughout  the  schists  while  the  pyrite  tends  to 
parallel  the  foliation  of  the  rock.  In  strongly  sheared 
disseminated  ores  there  is  widespread  porphyroblastic  de¬ 
velopment  . 

Zoning  is  a  characteristic  feature  of  volcanogenic 
massive  sulphide  deposits.  Minera.logical  zoning  is  evident 
in  the  Ruttan  deposit  with  chalcopyrite  concentrated  to¬ 
wards  the  footwall  and  sphalerite  concentrated  towards  the 
hanging  wall..  Compositional  zoning  parallels  the  distri¬ 
bution  of  the  two  major  ore  sulphides  with  Cu/Zn  ratios 
increasing  with  depth.  Table  4  and  Figure  11  show  the  re¬ 
sults  of  a  study  of  metal  ratios  in  the  ores.  The  eastern 
end  or  hanging  wall  of  the  ore  body  is  zinc-rich  with  cop¬ 
per-zinc  proportional  to  about  the  800'  level  and  then 
mainly  copper  below  this. 

Mineralogy  of  the  sulphides  of  Ruttan  Lake  is  relative¬ 
ly  simple.  The  ore  minerals  identified  in  order  of  abundance 
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Cu/Zn  Ratios  between  footwall 
and  hanging  wall 
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were:  pyrite,  pyrrhotite,  chalcopyrite  and  sphalerite. 

Galena  is  present  in  very  small  quantitites,  always  as 
veinlets  or  vug  fillings.  The  major  gangue  minerals  iden¬ 
tified  were  quartz,  chlorite  and  sericite  with  secondary 
calcite  occuring  along  fractures  and  as  vug  fillings.  The 
quartz  is  medium-  to  fine-grained,  massive,  white  in  color 
and  occurs  as  polycrystalline  aggregates  or  as  narrow 
veinlets  or  stringers. 

Description  of  the  ore  minerals 

Pyrite  varies  from  large  euhedral  crystals  (up  to  3  cm) 
to  subhedral  grains  and  very  fine-grained  pyrite  (<.l  mm  in 
diameter) .  Recrystallization  of  chalcopyrite  and  sphaler¬ 
ite  can  be  observed  in  the  pyrite.  The  pyrite  commonly 
occurs  as  massive  porphyroblasts  set  in  a  matrix  of  gangue 
and  chalcopyrite  and  can  also  be  intensely  granulated. 

Pyrrhotite  occurs  as  massive  blebs  and  is  usually 
associated  with  the  pyrite.  Both  hexagonal  and  monoclinic 
pyrrhotite  are  present  although  the  monoclinic  type  appears 
to  be  in  the  greater  abundance.  The  method  of  distinguish¬ 
ing  monoclinic  from  hexagonal  pyrrhotite  was  to  apply  a 
thin  film  of  magnetic  colloid.  This  colloid  is  a  dilute 
suspension  of  magnetic  iron  oxide  in  water  and  is  prefer- 
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entially  attracted  to  the  ferromagnetic  monoclinic  pyr- 
hotite,  imparting  a  dark  brown  coloration  (see  Photograph 
6)  (Ref.  Scott,  1974).  A  recipe  for  magnetic  colloid  can 
be  found  in  Appendix  A. 

Chalcopyrite  is  almost  always  associated  with  pyrite 
and  appears  to  be  replacing  it.  The  grains  are  subhedral 
and  range  from  0.2  to  1  mm  in  diameter.  In  the  dissemi¬ 
nated  ores  the  chalcopyrite  occurs  as  veinlets  and  string¬ 
ers.  In  the  massive  ore  the  chalcopyrite  occurs  as  blebs 
and  as  fillings  in  small  vein-like  fractures.  It  also 
occurs  as  a  coating  around  larger  pyrite  crystals  in  mas¬ 
sive  pyrrhotite  and  as  unmixing  intergrowths  in  sphalerite. 

Sphalerite  is  the  "blackjack"  variety  and  is  always 
associated  with  the  pyrite  and  occasionally  with  the  chal¬ 
copyrite.  Exsolution  of  chalcopyrite  and  pyrrhocite  along 
the  crystal  lattices  can  be  observed.  The  sphalerite  gen¬ 
erally  displays  a  dark  reddish  color,  indicating  a  fairly 
high  Fe-content. 

Galena  appears  as  veinlets  and  vug  fillings  in  any 
observed  occurrences.  Cubic  crystals  vary  from  0.5  mm  to 


2  mm  in  diameter. 
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Textures 

The  sulphide  textures,  structures  and  apparent  min¬ 
eral  assemblages  are  the  result  of  metamorphism  related 
to  the  orogenic  disturbance.  Regional  metamorphism  may 
have  caused  remobiiization  of  existing  sulphide  bodies 
and  their  migration  to  more  favorable  structural  settings. 
In  the  Ruttan  Lake  ores,  porphyroblastic  pyrite  and  sphal¬ 
erite,  colloform  or  fromboidal  textures  in  sheared  massive 
ore,  exsolution  textures,  widespread  granulation,  aggrega¬ 
tion  of  individual  crystals  and  banding  can  be  observed. 
All  of  these  textural  features  appear  to  be  due  to  the 
effects  of  metamorphism. 

Banding  was  observed  in  the  sphalerite-pyrite  ores. 
This  banding  is  dragged  out  and  folded  due  to  the  results 
of  metamorphism.  There  is  evidence  that  pressures  were 
high  enough  to  produce  the  flow  of  pyrite.  This  would  be 
necessary  to. produce  bands  of  pyrite  from  former  pyrite 
included  in  the  sphalerite  (see  Chapter  IV,  Fe-content  in 
sphalerite) .  The  pyrite  grains  do  not  exhibit  cataclastic 
deformation  and  hence  the  banding  of  the  ore  could  very 
well  be  original  though  modified  by  later  tectonic  events. 
If  in  fact  the  banding  is  original  then  it  would  suggest 
deposit ional  of  sedimentary  or  volcanic  rocks  involving 
substitution  for  certain  chemical  constituents  following 
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accumulation.  However,  no  replacement  of  gangue  minerals 
by  sulphides  was  observed  in  the  microscopic  investigation 
although  these  textures  have  probably  been  obliterated  by 
metamorphism . 

The  presence  of  subhedral  and  anhedral  pyrite  and 
pyrrhotite  grains  embedded  in  sphalerite  indicates  syn- 
genetic  coprecipitation  between  pyrite,  pyrrhotite  and 
sphalerite . 

Recrystallization  and  grain  growth  producing  large 
porphyroblasts  of  pyrite  and  sphalerite  surrounded  by 
crystalline  matrix  of  pyrrhotite  and  chalcopyrite  suggests 
that  the  sulphides  underwent  fairly  high  grade  metamor¬ 
phism  (Sangster,  1972). 

A  much  more  detailed  textural  study  would  have  to  be 
done  on  these  ores  to  draw  any  definite  conclusions  as  to 
their  origin.  Some  of  the  textures  are  probably  due  to 
the  diagenesis  of  the  deposit  and  not  necessarily  due  to 
metamorphism;  but  the  microscopic  examination  offered  no 
conclusive  evidence. 


Genesis 

The  volcanic  exhalative  theory  and  the  hydrothermal 
replacement  theory  are  similar  in  that  in  both  cases  ore 
deposition  came  from  hydrothermal  solutions  originating 
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within  the  crust  of  the  earth  and  rising  along  fractures 
or  other  zones  of  weakness.  The  main  difference  in  the 
two  theories  is  in  the  timing  of  the  ore  deposition  rela¬ 
tive  to  the  host  rocks.  In  the  exhalative  theory  the 
massive  sulphide  ore  formation  is  an  integral  part  and 
coeval  with  the  volcanic  complex  in  which  the  deposits 
occur.  That  is  the  ore  deposition  takes  place  at  or  near 
the  volcanic  rock  -  seawater  interface  between  successive 
volcanic  episodes.  The  hydrothermal  theory  regards  ore 
deposition  as  a  secondary  feature  imposed  on  the  host 
rocks  a  considerable  time  after  their  formation  and  lith- 
ification  (Sangster,  1972). 

Matsukuma  and  Ilorikoshi  (197  0,  p.  153)  have  summar¬ 
ized  the  Kuroko  deposits  as  being  " stratabound ,  polymetal¬ 
lic  mineral  deposits  genetically  related  to  submarine  acid 
volcanic  activity  of  Neogene  Tertiary  in  Japan".  The  many 
studies  done  on  the  Kuroko  deposits  and  their  unmetamor¬ 
phosed  nature  has  led  to  the  acceptance  of  these  as  "type 
deposits"  for  volcanogenic  sulphide  ores  and  hence  it  is 
useful  to  compare  them  with  Precambrian  deposits  of  simi¬ 
lar  type  (Sangster,  1972). 

Studying  the  geochemistry  of  the  Ruttan  Lake  ores 
should  reveal  some  of  the  physicochemical  conditions  at 
the  time  of  ore  formation,  determine  the  relationship  be¬ 
tween  the  ores  and  the  Wasekwan  volcanics  and  give  evidence 
to  substantiate  a  volcanogenic  origin. 
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CHAPTER  III  TECHNIQUES  OF  GEOCHEMISTRY  STUDY 


A.  Sulphur  Isotopes 

Introduction 

Since  sulphur  constitutes  a  major  proportion  of  the 
Ruttan  Lake  ore  minerals,  a  study  of  the  stable  sulphur 
isotope  variations  was  conducted  to  aid  in  interpreting 
mineral  genesis.  Sakai  (1968)  suggests  the  use  of  sulphur 
isotopes  to  determine  certain  physical  and  chemical  fac- 

V 

tors  which  influenced  ore  deposition  and  hence  provide 
clues  as  to  the  genetic  relationship  of  the  ores.  Thirty- 
four  pyrite,  seventeen  pyrrhotite,  twelve  sphalerite  and 
twelve  chalcopyrite  mineral  separates  were  analyzed  for 
their  S  /S  ratios. 

Kulp  et  al .  (1956),  Vinogradov  et  al.  (1956),  Jensen 

(1959)  ,  Tupper  (1960)  and  Stanton  (1960)  were  among  the 
first  workers  to  apply  sulphur  isotope  ratios  to  problems 
of  ore  genesis.  Their  most  important  conclusion  is  that 
sulphur  isotope  ratios  vary  depending  on  source  of  mineral¬ 
izing  solutions  and  may  be  a  valuable  aid  in  interpreting 
the  origin  of  an  ore  deposit. 

Since  1968  several  detailed  studies  on  metamorphosed 
stratiform  deposits  have  been  done  and  Rye  and  Ohmoto  (1974) 
concluded : 
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3  4 

(i)  Large-scale,  premetamorphic  6  S  variations 

are  generally  preserved  while  the  average 
3  4 

6  S  for  sulphides  in  major  units  such  as 
formations  remain  unchanged. 

(ii)  Small-scale  sulphur  isotope  changes  are  in 
many  cases  superimposed  upon  the  original 
sulphur  isotope  distribution  during  meta¬ 
morphism.  These  are  (a)  redistribution  of 
sulphur  isotopes  among  co-existing  minerals 

t 

that  define  the  temperature  of  metamorphism 

34 

and  (b)  local  6  S  variations  which  reflect 
the  structural  or  chemical  metamorphic  his¬ 
tory  . 

Rye  and  Rye  (1974)  studied  the  metamorphosed  Homestake 
mine  in  South  Dakota  and  showed  that  Fe/Mg  ratios  decrease 
in  the  ore  zones  and  concluded  that  during  metamorphism 
pyrite  was  broken  down  into  pyrrhotite  plus  sulphur  and 
that  the  excess  sulphur  was  taken  into  solutions  by  the 
metamorphic  fluids  which  then  migrated  into  the  dilatant 
zones  where  sulphur  reacted  with  the  wall  rocks  to  produce 
iron-rich  sulphides. 

When  detailed  sulphur  isotope  data  are  combined  with 
other  geochemical  data  on  metamorphosed  deposits  it  should 
be  possible  to  determine  the  chemical  environments  of  meta¬ 
morphism  . 
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The  sulphur  isotope  study  was  concerned  with  the  two 

32  34 

more  abundant  species  of  sulphur  -  S  and  S  .  Sulphide 
sulphur  was  collected  as  SO^  and  analyzed  on  the  mass  spec¬ 
trometer  as  mass  66  and  mass  64.  Mass  66  is  S and 
mass  64  is  S^O^O^. 

Sample  Selection  and  Preparation 

The  samples  collected  for  sulphur  isotope  analysis 
were  obtained  from  the  Ruttan  Lake  open  pit  and  diamond 
drill  core  and  represent  both  a  vertical  and  horizontal 
distribution.  Pyrite,  chalcopyrite ,  sphalerite  and  pyrr- 
hotite  were  analyzed  from  both  massive  and  disseminated 
ores . 

Co-existing  sulphide  minerals  were  separated  by  using 
a  Franz  magnetic  separator,  methylene  tetrabromide  and 
methylene  iodide  heavy  liquid  separation  and  finally  by 
handpicking.  A  binocular  microscope  was  used  to  check  the 
purity  and  the  X-ray  powder  diffraction  method  was  used  on 
some  samples  which  were  thought  to  be  of  relatively  poor 
separation.  Before  burning  the  separated  sulphides  were 
crushed  in  an  agate  mortar. 
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Preparation  of  S02  for  Mass  Spectrometer  Analysis 

The  sulphide  sulphur  was  converted  into  SC>2  by  burning 
the  samples  in  a  quartz-pyrex  combustion  line.  The  essen¬ 
tial  parts  are  a  quartz  combustion  chamber  and  a  vacuum 
line  for  the  purification  and  collection  of  the  sulphur 
dioxide.  Using  Cu20  as  an  oxygen  donor,  the  samples  were 
oxidized  at  approximately  1075°C  directly  to  S02.  100-200 

mg  of  intimately  mixed  oxide  and  sulphide  were  packed  be¬ 
tween  quartz  wool  plugs  in  an  open-ended  quartz  tube.  The 
sample  is  put  into  the  furnace,  the  line  is  evacuated,  and 
the  combustion  chamber  heated  to  the  desired  temperature. 
Upon  heating  the  sample  the  evolved  H20  fraction  was  re¬ 
moved  by  using  a  freezing  trap  of  carbon  tetrachloride, 
chloroform  and  dry  ice.  The  CC>2  and  C>2  fractions  were  re¬ 
moved  by  using  a  second  freezing  trap  of  N-pentane  (ethanol) 
and  liquid  nitrogen  which  traps  the  S02  and  allows  the  C02 
and  02  to  be  pumped  off.  After  the  C02  is  removed,  the  SC>2 
is  transferred  to  a  graduated  column  and  the  yield  is  re¬ 
corded.  Table  5  gives  the  SC>2  yield  in  %  of  the  samples 
analyzed.  The  S02  is  then  transferred  into  a  standard 
breakseal  and  collected. 

Isotope  Analysis 

The  sulphur  isotope  analyses  were  performed  on  a  12", 
90°  magnetic-analyzer  gas  source  mass  spectrometer  by 
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alternately  introducing  a  standard  sample  and  simultaneous¬ 
ly  collecting  mass  64  and  mass  66.  The  laboratory  standard 
or  line  standard  was  calibrated  against  various  SC>2  artifi¬ 
cial  standards  with  well-known  6  values  (i.e.  Canon 

.  .  32  34 

Diablo  troilite  sulphur  has  a  ratio  of  S  /S  =  22.21  per 

34  34 

mil  or  6  S  =0  per  mil) .  Samples  enriched  in  S  are 

isotopically  heavy  relative  to  the  standard  and  have  posi¬ 
tive  per  mil  values;  negative  per  mil  values  indicate  de- 

34 

pletion  of  S  ‘  relative  to  the  standard. 

4 

The  calibration  was  conducted  in  1974  and  Table  6 
lists  standards  of  known  isotopic  composition  which  were 
analyzed  to  determine  a  correction  formula  for  the  obtained 
results  (by  S.  Burnie,  Say-Lee  Kuo,  R.  Haverslew) . 

The  correction  formula  used  is: 

6  St34c  (%.)  X  1.158  +  4.5 

34  .34 

6  S  of  unknown  against  6  S 

of  Canon  Diablo  Troilite 

6  S^  of  unknown  against  6  S 

of  Line  Standard. 


5  SC .D.T .-x  ^ 


where  6  S 


34 

C  .D  ,T  .-x 


6  S 


34 

L . S . -x 


Results 

The  results  of  the  isotopic  analyses  are  represented 
using  the  following  expression: 
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x  c-34  0  _  (S34/S32)  sample  -  (S34/S32)  standard  „ 

0  o  -60  —  - ■-  . - =r~ - X  1  U  U  U 

(S  /S  ')  standard 

In  Table  7  the  description  and  location  of  samples 

analyzed  are  listed,  the  analytical  results  from  the  study 

34 

are  listed  in  Table  8  and  A  5  S  in  co-existing  sulphides 
are  listed  in  Table  9.  Figures  12  and  13  are  cross  sec¬ 
tions  illustrating  sample  locations  and  the  variance  in 
sulphur  isotope  ratios  with  respect  to  horizontal  and 

vertical  dispersion  in  the  ore  body.  Frequency  distribu- 

3  4 

tion  of  the  6  S  values  obtained  in  the  study  are  illus¬ 
trated  using  a  histogram  in  Figure  14. 

B.  Fe-Content  in  Sphalerite 

Introduction 

Since  sphalerite  is  one  of  the  most  important  ore 
minerals  of  the  Ruttan  Lake  deposit  and  because  it  is  one 
of  the  more  refractory  sulphides  and  can  display  a  wide 
range  of  Fe  content  as  a  function  of  conditions  of  forma¬ 
tion,  it  may  be  used  to  decipher  environments  of  sulphide 
deposition  and  deformation.  Kullerud  (1953),  Barton  and 
Toulmin  (1966),  Clark  (1966),  Boorman  (1967),  Scott  and 
Barnes  (1971),  Boorman  et  al.  (1971)  and  Scott  (1974)  have 
concluded  that  the  iron  content  of  sphalerite  co-existing 
with  pyrite  and  pyrrhotite  is  very  sensitive  to  variations 
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TABLE  9 
34 

A  6  S  IN  CO-EXISTING  SULPHIDES 
FROM  RUT TAN  LAKE 


Sample  Mineral 

Number  Pair 


S 


R-15-1 

R-15-2 

R-20-1 

R-20-2 

R-118-1 

R-118-2 

R-119-1 

R-120-1 

R- 12  0-2 

R-121-1 

R-121-2 

R-21-1 

R-22-5 

R-22-6 

R-75-1 

R-75-2 

R-114-1 

R-116-1 

R-116-2 

R-15-1 

R-15-2 

R-20-1 

R-20-2 

R-118-1 

R-118-2 

R-119-1 

R-120-1 

R-120-2 


pyr ite 

II 


sphalerite 

II 


II 


II 


II 


II 


II 

II 


II 

II 


II 


II 


.  62 
.13 
.96 
.56 
.08 
.54 
.52 
.70 
.01 


.05 


"  "  .69 

pyrite  -  chalcopyrite  .12 

"  "  .39 


pyrite  -  pyrrhotite 


1.08 

1.01 

.29 

.08 

.53 

.42 

.53 

1.05 

1.47 

1.00 

.60 

.90 

1.09 

.47 

.29 


. 

. 
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TABLE  9  (cont'd) 


Sample  Mineral 

Number  Pair  A  S 


R-121-1  pyrite  -  pyrrhotite  .58 
R-121-2  "  "  1.26 
R-21-1  "  "  .68 
R-22-5  "  "  .59 
R-22-6  "  "  .63 
R-75-1  "  "  .60 
R-75-2  "  "  .29 
R-114-1  "  "  .23 
R-116-1  "  "  .31 
R-116-2  "  "  .13 
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in  pressure  and  temperature  of  ore  formation  and  the  fu- 
gacity  of  sulphur.  The  method  used  in  determining  the 
iron  content  was  on  an  A.R.L.  EMX  microprobe. 

Experimental  Procedure 

Twenty  samples  were  selected  which  represent  both  a 
horizontal  and  vertical  distribution  throughout  the  ore 
deposit  (see  Figure  15).  All  the  samples  analyzed  con¬ 
tained,  co-existing  sphalerite,  pyrite  and  pyrrhotite. 
Specimens  of  the  sulphides  were  mounted  in  epoxy,  polished 
and  carbon-coated.  Both  wavelength  and  energy  dispersive 
techniques  were  used  on  the  microprobe  and  the  discrepancy 
between  the  two  was  found  to  be  negligable.  A  15  kV  op¬ 
erating  voltage  and  a  focussed  beam  were  used  throughout 
the  analysis.  A  list  of  the  standards  used  and  their 
compositions  are  found  in  Table  10.  Fe  and  S  were  deter¬ 
mined  against  standard  1  and  Zn  was  determined  against 
standard  3.  Cd  was  determined  against  standard  2  and  Mn 
against  standard  4.  Full  corrections  for  atomic  number 
(Z) ,  absorption  (A)  and  characteristic  fluorescence  effects 
(F)  were  made  using  computer  programs  EMPADOR  VII  (by 
Rucklidge  and  Gasparrini,  1969)  and  EDATA  (by  D.G.W.  Smith, 
personal  communication) . 
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TABLE  10 

COMPOSITION  OF  STANDARDS  USED  IN 
MICROPROBE  ANALYSIS 


Standard 

1 

EPS/22-1 

Sulphur 

Fe 

-  38.25% 

-  61.75% 

Standard 

2 

EPS/7-8 

Cadmium 

-  100% 

Standard 

3 

EPS/22-6 

Zinc 

Sulphur 

-  66.8% 

-  32.60% 

Standard 

4 

EPS/7-10 

Manganese 

Fe 

A1 

-  99.879% 

0.109% 
0.012% 

* 

■r 

.  * 

■ 

i 
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Results 

The  initial  results  for  individual  grains  (after  ZAF 
corrections),  together  with  the  calculated  metal : non-metal 
ratios  appear  in  Table  11.  Mole  percent  of  FeS  was  cal¬ 
culated  from  the  observed  weight  percent  of  Fe  of  each 
grain  analyzed.  Both  analyzed  and  calibrated  values  are 
shown  in  Table  12 .  Figure  16  shows  a  statistical  distri¬ 
bution  plotted  as  a  histogram  of  FeS  mole  percent.  The 
compositional  spread  for  Fe  content  in  sphalerites  co¬ 
existing  with  pyrite  and  pyrrhotite  vary  from  7.13  to  12.64 
mole  percent  FeS  with  a  mean  mole  percent  of  10.69. 

C.  Pb  Isotopes 

Introduction 

Ore  leads  were  used  for  model  lead  dating  to  deter¬ 
mine  the  age  and  genesis  of  Ruttan  Lake  mineralization. 
Model  lead  interpretations  are  based  on  the  ratios  of  the 
lead  isotopes  Pb204,  Pb206,  Pb207  and  Pb208  in  common  lead. 
Radioactive  decay  of  U  and  U  to  the  radiogenic  iso¬ 
topes  206Pb  and  207Pb,  respectively  and  232Th  to  the  ra- 
diogenic  isotope  Pb  produce  variations  in  the  lead  iso¬ 
tope  composition  as  compared  to  an  original  or  "primeval 
lead,  which  existed  at  the  time  of  formation  of  the  earth. 
204Pb  has  no  long-lived  radioactive  parent  as  it  is  non- 
radiogenic  and  hence  its  absolute  abundance  in  the  earth 
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has  not  changed  since  primeval  times.  Reasonably  assuming 
that  the  earth  began  with  some  primeval  lead,  then  the  lead 
isotope  values  of  this  primeval  lead  are  adopted  from  the 
least  radiogenic  leads  found  -  i.e.  the  values  in  the  troi- 
lite  phase  of  meteorites  (Tatsumoto,  1973).  Common  lead 
then  consists  of  primeval  lead  plus  radiogenic  lead  con¬ 
sisting  of  the  isotopes  generated  by  uranium  and  thorium 
decay  since  the  formation  of  the  Earth.  The  radiogenic 
atoms  become  mixed  with  the  primeval  atoms  of  the  original 
lead.  Since  the  isotopic  ratios  in  common  lead  have  not 
changed  since  the  time  of  mineralization,  then  the  obtained 
Pb  ratios  represent  the  isotopic  composition  of  lead  in  the 
source  region  at  the  time  of  mineralization. 

Theoretical  Considerat ions  and  Ore  Genesis 

The  genesis  of  most  ore  deposits  is  not  easily  under¬ 
stood,  and  age  relationships  among  sulphide  minerals  and  be¬ 
tween  them  and  their  host  rocks  are  often  difficult  problems, 
of  economic  as  well  as  scientific  interest.  Ages  calculated 
for  sulphide  minerals  depend  on  the  assumption  of  some  par¬ 
ticular  model  for  the  genesis  of  lead  ores  in  general. 

Lead  isotope  ratios  have  been  applied  to  the  problems  of 
ore  genesis  and  it  is  generally  accepted  that  they  have  evolved 
through  a  sequence  of  different  stages. 
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(i)  Single-stage  leads:  a  number  of  ores  and  igneous 
rocks  have  leads  that  evolved  under  conditions  where  the  only 
changes  in  the  value  of  the  parent/daughter  ratio  are  due  to 
radioactive  decay.  Stanton  and  Russel  (1959)  demonstrated 
how  single-stage  model  leads  could  be  used  for  interpreting 
deposits  referred  to  as  "submarine  exhalative"  associated 
with  island  arcs.  These  produce  a  single-stage  growth  curve. 
The  conformity  with  and  small  departures  from  the  apparent 
single-stage  growth  curve  could  be  explained  by  the  perfect 
and  imperfect  degree  of  mixing  (multiple  reworking  of  sedi¬ 
ments  -  Brown,  1965  and  Armstrong,  1968)  or  leaching  of  lead 
from  large  volumes  of  rock  of  several  isotopically  heterogen¬ 
eous  source  materials  at  differing  geological  periods  (Doe 
et  al.,  1966).  Hence  'single-stage  leads'  only  approximate 
an  evolution  under  single-stage  conditions.  It  would  be 
surprising  if  single-stage  conditions  could  persist  unaltered 
by  geological  events  throughout  the  4.5  b.yrs.  of  geological 
history. 

(ii)  Two-stage  or  anomalous  leads:  it  has  become  ap¬ 
parent  that  since  the  accumulation  of  hundreds  of  lead  isotope 
analysis,  that  they  can  yield  valuable  information  about  the 
particular  histories  of  ore  deposits.  Early  workers  in  the 
field  who  considered  them  in  detail,  included  Eberhardt, 

Geiss  and  Houtermans  (1955),  Cahen  et  al .  (1958)  and  Russel 
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and  Farquhar  (1957).  Anomalous  leads  can  be  explained  by 
quite  simple  models  and  sometimes  yield  more  precise  infor¬ 
mation  about  the  genesis  of  a  deposit.  The  simplest  process 
to  produce  anomalous  leads  is  a  two-stage  evolution  in  which 
lead  evolved  in  an  effectively  closed  system  from  lead  of 

troilitic  composition  4.57  billion  years  ago  until  some  later 

238  204 

event  at  time  and  that  caused  the  U/  Pb  ratio  to  vary. 
Anomalous  leads  may  be  the  result  of  the  mixing  of  two  ordi¬ 
nary  leads  or  a  mixture  of  ordinary  lead  with  lead  produced 
in  one  or  more  different  U-Th-Pb  environments  (Russel  and 
Farquhar,  1960).  Two-stage  or  more  complex  systems  can  best 

be  recognized  by  analyzing  several  samples  from  a  deposit  and 

,  .  207  ,  ,204,  206_,  ,204  ,  , 

graphing  them  on  a  Pb/  Pb  versus  Pb/  Pb  plot. 

(iii)  Multi-stage  systems:  Many  igneous  rocks  and  ore 

deposits  have  undergone  more  than  two  stages  of  lead  isotopic 

evolution.  Although  interpretation  of  the  three-stage  systems 

is  extremely  difficult,  some  three-stage  systems  result  in 

parallel  linear  isochrons  which  can  be  interpreted  by  making 

small  changes  in  the  parameters  of  the  single-  and  two-stage 

„  ,  .  .  .  .  238r.  ,20  4_,  ,  ,  . 

systems.  Small  variations  m  U/  Pb  values  can  explain 

many  apparent  three-stage  lead  systems  but  it  is  often  diffi¬ 
cult  to  incorporate  available  geologic  factors.  Theoretical 
consideration  of  simplified  multi-stage  models  has  been  made 
by  Kanasewich  (1962),  Kanasewich  and  Slawson  (1964)  and  Ulrych 
(1964)  on  anomalous  ore  leads  (mainly  from  Ivigtut,  Greenland) 
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and  they  conclude  that  evolution 
occur  under  conditions  involving 
Use  of  these  models  must  be 
the  parameters  U,  V  and  W  where 


of  the  leads  in  many  ores  did 

more. than  two  stages. 

based  on  assumptions  regarding 


U 

V 

W 


23V204Pb 

235U/204Pb 


232  204 

^Th/^pb 


It  is  also  necessary  to  have  precise  knowledge  of  the 
geophysical  constants  -  initial  time  tQ  and  a0,  bQ  and  cQ  to 
accurately  use  model  lead  dating.  Several  revisions  for  aQ 
bQ  cQ  and  tQ  have  been  made  and  the  ones  used  to  construct  the 
growth  curve  were  based  on  work  done  by  Tatsumoto  (1973)  and 
Jaffey  et  al .  (1971)  and  y  =  8.7  by  Russel  et  al.  (1967). 

Experimental  Procedures 

A  total  of  eight  lead  isotope  determinations  were  made 
from  purified  samples  of  chalcopyr ite ,  pyrite  and  pyrrhotite. 

A  detailed  description  of  the  extraction  procedure  of  lead 
from  sulphide  minerals  is  found  in  Appendix  B.  The  resulting 
Pb  solution  was  carried  through  a  careful  dithizone  extrac¬ 
tion  procedure  to  ensure  a  pure  sample.  The  amount  of  Pb 
extracted  from  each  sulphide  sample  varied  from  2  yg  to  50  yg. 
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which  was  then  loaded  on  silica  gel  on  a  Rhenium  filament. 

All  reagents  used  in  the  analytical  work  were  purified  and 
precautions  were  taken  to  prevent  any  contamination  from  any 
reagents  or  glassware  used  in  the  extraction  procedure.  All 
glassware  used  in  the  present  work  is  cleaned  in  hot  concen¬ 
trated  HN03,  rinsed  in  triple  distilled  "pure”  water  and  then 
wrapped  in  parafilm.  Only  triple  distilled  water  is  used  in 
the  preparation  of  reagents  for  the  extraction  of  Pb. 

The  Pb  sample  was  loaded  on  a  filament  of  pure  rhenium, 
which  had  been  outgassed  at  3  amps  for  approximately  3  hours 
under  vacuum.  The  outgassing  removes  any  lead  contamination 
on  the  surface  of  the  filament.  The  sample  is  then  loaded 
on  the  filament  using  the  silica  gel  and  phosphoric  acid  load¬ 
ing  method  as  devised  by  Akishin  et  al .  (1957)  and  Cameron  et 

al.  (1969)  and  modified  by  Tatsumoto  (1973).  For  a  detailed 
description  of  this  loading  procedure  see  Appendix  C. 

Analytical  Methods  and  Instrumentation 

The  samples  were  run  on  a  12"  radius,  90°  sector,  single 

filament,  solid  source  mass  spectrometer  in  the  Department  of 

—  8 

Physics,  University  of  Alberta.  In  a  vacuum  of  5  x  10  atm, 
the  samples  were  ionized  with  a  filament  current  of  1.65  to 
2.25  amps  at  an  operating  voltage  of  4.5  kV  in  order  to  obtain 
the  best  peak  shape  and  steady  emission.  Pb  emission  started 
after  the  decay  of  potassium  and  varied  at  different  filament 
currents  from  one  run  to  another. 
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The  mass  spectrometer  was  put  in  the  scanning  mode  and 
would  graphically  display  the  Pb  peaks  of  204,  206,  207  and 
208.  Ten  to  fifteen  scans  were  made  for  each  sample  and  the 
ratios  for  Pb/  Pb,  Pb/  Pb  and  Pb/  Pb  of  the 
ore  leads  were  recorded  on  a  magnetic  tape.  These  were  then 
processed  by  a  computer  program  to  calculate  a  set  of  mean 


ratios  for  each  sample. 


Accuracy  of  Results 

Precautions  taken  to  avoid  contamination  in  the  Pb  prep¬ 
aration  have  been  mentioned.  Error  due  to  instrumentation 
must  also  be  considered.  Isotopic  fractionation  is  the  most 
serious  and  seemed  to  vary  depending  upon  the  length  of  time 
a  sample  is  run  and  the  filament  current  used.  Through  ex¬ 
perimentation  it  was  found  that  the  most  stable  emission  and 
best  peak  shapes  occurred  when  the  sample  was  in  a  slightly 
decaying  mode.  The  most  steady  emission  was  found  using  a 
filament  current  between  1.85  amps  and  2.0  amps. 

The  Broken  Hill  Pb-standard  was  used  as  a  test  for  the 
reliability  of  the  mass  spectrometer.  The  obtained  results 
were  compared  with  previous  work  (see  Table  13). 


.  . 


. 


88 


Results 

The  results  of  the  study  of  lead  isotope  compositions 
in  the  Ruttan  Lake  ores  are  presented  as  ratios  of  a  radio¬ 
genic  isotope  to  the  non-radiogenic  isotope  whose  abundance 

,  .  ,  ...  .  .  206  ,  ,20  4,  207  ,  ,204  .  = 

does  not  change  with  time  -  Pb/  Pb,  Pb/  Pd  and 

^^Pb/^^Pb.  Table  14  are  the  parameters  used  to  obtain 
the  best  growth  curve  in  which  to  plot  the  analytical  re¬ 
sults.  The  parameter  constants  used  were  y  =  8.70,  aQ  = 
9.307  and  bQ  =  10.294  and  y  =  8.79,  W  =  38.33. 

Figure  17  shows  the  location  of  samples  analyzed  in 
the  Pb-isotope  study.  The  measured  results  of  the  Pb  iso¬ 
topic  abundance  and  mean  standard  deviations  for  all  sam¬ 
ples  analyzed  are  listed  in  Table  15. 
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INTERLABORATORY  COMPARISON  OF  BROKEN  HILL  GALENA  STANDARD 

USED  IN  Pb  ISOTOPE  STUDY 
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D.  Trace  Elements  in  Ores 

Introduction 

A  study  of  the  distribution  of  trace  elements  Fe,  Ba 
and  Mn  in  the  ores  and  country  rocks  was  undertaken  to  see 
if  they  showed  any  particular  zonation  pattern.  From  pre¬ 
vious  studies  of  other  massive  sulphide  stratiform-type 
deposits  one  could  expect  compositional  zoning  of  Fe,  Ba 
and  Mn  within  the  deposit  and  hence  aid  in  interpreting 
the  stratigraphic  sequence  of  the  complex  volcanic  and 
intercalated  sedimentary  rocks  found  in  the  Ruttan  Lake 
ore  body. 

Experimental  Procedure 

The  samples  were  analyzed  by  the  laboratory  of  Re¬ 
source  Associates  of  Alaska  in  Fairbanks,  Alaska.  Each 
sample  was  treated  with  aqua  regia  and  the  dissolved  spec¬ 
imen  was  then  evaporated  to  dryness  and  taken  up  with  1  N 
HC1.  Atomic  absorption  spectroscopy  was  performed  on  these 
solutions  for  Fe,  Ba  and  Mn. 

Results 

Forty-one  samples  were  selected  from  various  repre¬ 
sentative  parts  of  the  deposit  as  well  as  from  the  hanging 
and  footwall  rocks  giving  both  vertical  and  horizontal 
cross  sections.  Table  16  gives  a  description  and  location 
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of  the  samples  analyzed  and  Figure  18  graphically  shows 
the  sample  distribution.  The  analytical  results  are  listed 
in  Table  17. 
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TABLE  17 

TRACE  ELEMENT  RESULTS 

Sample 

Number 

Fe/Mn 

Ba 

(ppm) 

R-6 

150.0 

<10 

R-l  0 

793.3 

<10 

R-l  5 

105.5 

<10 

R-l  9 

6000.0 

<10 

R-2  0 

19.4 

<10 

R-21 

875.0 

<10 

R-23 

203.8 

<10 

R-2  4 

666.7 

<10 

R-2  5 

400.0 

<10 

R-2  6 

520.8 

<10 

R-2  7 

1000.0 

250 

R-2  9 

600.0 

<10 

R-3  0 

1000.0 

<10 

R-31 

875.0 

<10 

R-3  2 

403.8 

<10 

R-3  4 

729.2 

240 

R-3  5 

500.0 

<10 

R-5  0 

1400.0 

<10 

R-51 

857.1 

<10 

R-5  2 

500.0 

<10 

R-5  3 

1500.0 

<10 

R-54 

500.0 

<10 

R-5  5 

625.0 

10 

R-58 

72.7 

<10 

R-6  0 

29.4 

<10 

R-6  2 

50.0 

80 

R-63 

400.0 

<10 

R-65 

1400.0 

<10 

R-6  6 

631.6 

<10 

; 
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TABLE  17  (cont'd) 


Sample 

Number 

Fe/Mn 

Ba 

(ppm) 

R-67 

1080.0 

<10 

R-68 

318.2 

<10 

R-69 

545.4 

<10 

R-7  0 

857.1 

<10 

R-7 1 

550.0 

<10 

R-7  4 

400.0 

10 

R-7  5 

• 

538.5 

<10 

R-7  6 

550.0 

<10 

R-7  9 

628.6 

10 

R-8  6 

103.4 

10 

R-8  7 

325.0 

<10 

R-8  8 

117.1 

<10 

R-91 

80.0 

180 

R-92 

71.4 

320 

R-99 

150.0 

100 

R-100 

240.0 

10 

R-108 

90.5 

300 

R-109 

100.0 

240 

R-112 

52.6 

60 

R-113 

260.0 

30 

R-114 

777.8 

<10 

R-115 

1000.0 

<10 

R-116 

700.0 

<10 

R-118 

227.3 

<10 

R-119 

227.3 

<10 

R-120 

141.2 

<10 
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CHAPTER  IV  INTERPRETATIONS  -  DISCUSSION 


A.  Sulphur  Isotopes 

The  sulphur  isotope  data  from  Ruttan  Lake  pyrite, 

chalcopyrite ,  sphalerite  and  pyrrhotite  show  a  remarkably 

narrow  range  of  values.  Average  6^S  values  for  pyrite 

was  1.21  per  mil,  .76  per  mil  for  chalcopyrite  ,  1.18  per 

mil  for  sphalerite  and  1.01  per  mil  for  pyrrhotite.  The 

3  4 

standard  deviation  of  the  6  S  values  is  ±.18  per  mil  and 
indicates  the  narrow  range  of  sulphur  isotopic  composition. 
The  mean  sulphur  isotopic  composition  of  the  sulphides  is 
not  significantly  different  from  that  of  the  meteoritic 
sulphur  and  is  well  within  the  range  for  igneous  sulphur 
of  possible  upper  mantle  origin  (Ault  and  Kulp,  1959; 

Thode ,  1963 ) . 

Early  workers  in  the  field  of  sulphur  isotope  studies 
interpreted  isotopic  values  for  sulphides  not  far  from  the 
meteoritic  standard  or  the  approximate  average  value  of 
the  Earth's  crustal  sulphur  as  originating  from  a  deep- 
seated  igneous  origin.  Since  then  Sangster  (1968  )  and 
Sasaki  (1970)  have  shown  that  seawater  sulphates  could  have 
had  an  extensive  role  in  volcanic-type  stratabound  ores. 
Ohmoto  et  al.  (1970)  and  Kajiwara  (1971)  have  interpreted 
isotopic  data  from  both  sulphates  and  sulphides  in  the 
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Kuroko  ores  of  Japan  and  concluded  that  the  source  of  sul¬ 
phur  was  of  seawater  origin.  Rye  and  Ohmoto  (1974)  have 

demonstrated  that  sulphides  which  precipitated  from  magmat- 

34 

ic  sulphur  can  exhibit  a  wide  range  of  6  S  values  while 

sulphides  precipitated  from  non-magmatic  sulphur,  such  as 

34 

seawater,  can  have  a  modest  range  of  6  S  values  near  0  per 
mil . 

Barnes  (1967)  states  that  if  the  source  of  sulphur  is 

not  the  mantle  but  rather  a  portion  of  the  crust  that  has 

undergone  metamorphism  under  conditions  where  sulphur  is 

34 

mobilized,  then  the  6  S  values  of  the  hydrothermal  sul¬ 
phur-bearing  minerals  would  be  an  average  value  of  the  sul¬ 
phur  assimilated  in  that  portion  of  the  crust.  If  the 
metamorphism  results  in  the  formation  of  magmas,  the  homo¬ 
genizing  effects  that  occur  during  the  last  stages  of  the 

magmatic  process  should  result  in  the  characteristic  narrow 

34 

spread  in  5  S  values  of  the  sulphides  derived  from  intru¬ 
sive  bodies. 

Due  to  lack  of  any  preserved  sulphate  minerals  in  the 
Ruttan  ores,  it  was  not  possible  to  obtain  the  sulphur  iso¬ 
tope  composition  of  any  sulphates.  However,  since  the  ores 
are  definitely  of  premetamorphic  age  which  may  have  reduced 
sulphate  to  sulphide,  we  cannot  rule  out  the  source  of  sul¬ 
phur  as  being  from  seawater.  A  line  of  evidence  from  trace 
element  distribution  in  sulphides  (Ba,  Fe/Mn)  indicates 
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that  increasing  contamination  of  seawater  (see  section  on 
discussion  of  trace  element  distribution)  which  is  consis 
tent  with  an  increase  in  sulphur  isotope  ratios  of  sul¬ 
phides  towards  the  upper  part  of  the  deposit,  indicating 
either  a  decrease  in  oxidation  or  an  increase  in  pH  or 
both . 

Sulphur  isotope  geothermometry  is  based  on  the  equil 
ibrium  sulphur  isotope  fractionations  between  co-existing 
sulphur-bearing  compounds.  Isotopic  fractionation  of 
sulphur  between  synthetic  sulphide  mineral  pairs  as  a 
function  of  temperature  and  duration  of  reaction  time  has 
been  investigated  by  many  authors  (Kajiwara  and  Sasaki, 
1969;  Kajiwara  and  Krouse,  1971;  Rye  and  Czamanske,  1969) 
Figure  19  shows  curves  based  on  experimental  and  theor¬ 
etical  data  by  Kajiwara  and  Krouse  (1971).  Czamanske  and 
Rye  (1974)  have  discussed  the  differences  between  the 
curves  produced  by  various  laboratories  but  concluded 
that  the  relative  position  of  the  curves  among  the  miner¬ 
als  will  not  change.  Table  9  shows  the  isotopic  composi¬ 
tion  of  co-existing  sulphide  pairs  from  Ruttan  Lake  ores 
which  have  been  used  to  calculate  the  per  mil  deviations 
between  specific  sulphide  pairs.  Using  the  geothermomet¬ 
ric  plots  by  Kajiwara  and  Krouse  (1971)  from  Figure  19, 
one  can  determine  an  isotopic  temperature  for  the  Ruttan 
Lake  ores.  See  Figures  20  and  21  for  data  of  isotopic 
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Figure  19.  Geol-hermometric  Plot  by  Kajiwara  and  Krouse,  197! 
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fractionation  between  pyrite  -  chalcopyrite  and  pyrite  - 
sphalerite  as  a  function  of  temperature. 

The  application  of  sulphur  isotope  thermometer  to  a 
deposit  depends  on  the  suitability  of  the  samples.  Sam¬ 
ples  that  crystallized  in  equilibrium  with  each  other  are 
necessary.  The  use  of  mineral  pairs  may  give  geologically 
reasonably  temperatures  as  long  as  the  two  minerals  were 
formed  in  equilibrium  with  solutions  having  uniform  tem¬ 
perature  and  chemical  states  (Rye  and  Ohmoto,  1974).  The 
theoretical  trend  of  fractionation  of  sulphur  isotopes  in 

co-existing,  oogenetic  sulphide  species  (Sakai,  1968)  is 
34 

that  the  6  S  enrichment  would  be  pyrite  >  pyrrhotite 

sphalerite  >  chalcopyrite  >  galena.  Although  no  galena 

samples  were  analyzed,  this  trend  can  be  seen  in  the  other 

four  sulphides  from  the  Ruttan  Lake  ores  and  could  imply 

equilibrium  between  the  mineral  pairs.  Figures  22  and  23 

3  4 

are  plots  snowing  isotopic  fractionation  between  6  S 

3  4 

(pyr ite-pyrrhotite)  and  6  S  (pyrite-chalcopyrite )  and 

34  34 

between  6  S  (pyr ite-pyrrhotite)  and  6  S  (pyrite-sphal- 

erite) ,  respectively  in  co-existing  sulphides.  The  results 
show  no  definite  linear  pattern  and  hence  it  cannot  be 
certain  that  the  sulphides  did  attain  equilibrium  or  close¬ 
ly  approached  it. 

Although  the  sulphur  isotopic  values  of  individual 
sulphides  is  variable  in  different  parts  of  the  deposit 
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Figure  22.  Sulphur  Isotope  Fractionation 

between  co-existing  Pyrite- 
Sphalerite  and  Pyrite- 
Pyrrhotite 
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Figure  23.  Sulphur  Isotope  Fractionation 

between  co-existing  Pyrite- 
Chalcopyrite  and  Pyrite- 
Pyrrhotite 
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(see  Figure  13),  the  fractionation  among  co-existing  sul¬ 
phide  species  show  relatively  small  variations  and  a  de- 

34 

creasing  fractionation  in  the  order  of  A6S  (pyr ite-chal- 

34  34 

copyrite)  >  6  S  (pyr ite-sphaler ite )  >  6  S  (pyrite- 

pyrrhotite)  indicating  the  attainment  of  isotopic  exchange 

equilibrium  among  the  sulphides  during  original  ore  depo- 

34 

sition.  If  fractionation  of  6  S  of  co-existing  sulphides 
had  been  preserved  but  were  not  reduced  by  metamorphism 
then  the  cogenetic  sulphide  pairs  should  reveal  the  tem¬ 
perature  of  ore  formation. 

Using  suitable  sulphide  pairs  and  careful  sampling, 
temperatures  of  deposition  or  metamorphism  can  be  deter¬ 
mined  to  within  ±40°C,  even  considering  the  uncertainty  in 
the  fractionation  factors  (Rye  and  Ohmoto,  1974). 

The  isotopic  temperatures  derived  from  the  geother¬ 
mometric  plots  range  from  250°C  to  greater  than  700°C  in 
the  Ruttan  Lake  ores.  Although  the  higher  temperatures 
could  have  been  attained  in  hydrothermal  deposits,  there 
appears  to  be  a  definite  effect  on  the  isotopic  fractiona¬ 
tion  due  to  metamorphism.  The  isotopic  temperatures  appear 
more  likely  to  reflect  metamorphic  temperatures  attained  in 
the  greenschist  to  amphibolite  facies  of  the  host  rocks. 

In  the  environment  of  ore  deposition,  other  aqueous 
sulphur  species  which  become  important  are  SO^ ,  HSO^  , 

KSO.-,  NaSO  ~  and  HS~  but  Rye  and  Ohmoto  (1974)  have  shown 
4  4 
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that  the  major  factors  which  control  the  sulphur  isotopic 
composition  of  hydrothermal  minerals  are: 

(i)  temperature,  which  determines  the  fraction¬ 
ations  between  sulphur-bearing  species; 

34 

(ii)  6  S  ,  which  is  controlled  by  the  source 

L  S 

of  sulphur;  and 

(iii)  pH  and  fC^,  which  along  with  temperature, 
determine  the  proportions  of  oxidized  and 
reduced  sulphur  species  in  solution. 

Ohmoto  (1972)  suggested  that  changing  physical-chemi¬ 
cal  conditions,  particularly  partial  pressure  of  oxygen 
(f0~)  and  pH  can  induce  isotopic  variation  in  the  aqueous 
sulphur  species  despite  a  homogeneous  source  of  sulphur  in 
the  ore  solution  and  hence  it  would  be  possible  to  have  a 
very  wide  range  of  isotopic  composition  in  the  sulphide 
minerals,  particularly  if  the  deposition  occurs  in  an  ox¬ 
idizing  alkaline  environment. 

Figure  24  (from  Ohmoto,  1972)  indicates  that  in  the 

34 

low  f02  and  low  to  neutral  pH  range  the  6  S  of  aqueous 
I^S  and  that  of  the  precipitating  minerals  is  little  af¬ 
fected  by  changes  in  fC>2  and  pH  so  that  the  precipitating 

sulphide  minerals  from  such  a  solution  exhibit  homogeneous 

34  .  .... 

6  S  values  similar  to  the  mean  sulphur  isotopic  composition 

of  the  ore-depositing  solution. 

Results  from  the  study  on  Fe  content  in  sphalerite 
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pH 

Figure  24.  Influence  of  fO^  and  pH  on  .Hole  Fractions 

of  Aqueous  Suiphur  Species  assuming 
T  =  250°C,  Molarity  of  Total 
Alkalies  is  1.0  and  S3^SyS  =  0 
per  mil  (from  Ohmoto ,  1972, 
p.  257,  258) 
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indicate  that  the  chemistry  of  the  ore-forming  solutions 

at  Rut tan  Lake  were  of  low  fO ^  and  fS2  and  low  or  neutral 

pH.  A  probable  temperature  of  ore  formation  was  200°  to 

250°C  (from  the  Fe  content  in  sphalerite  results  and  the 

34 

sulphur  isotope  results) .  The  narrow  range  in  6  S  values 

and  a  mean  6  value  of  close  to  0  per  mil  suggests  that  H2S 

must  have  been  the  predominant  sulphur  species  in  the  ore- 

depositing  solutions  which  formed  the  Ruttan  Lake  ores 

(from  Figure  24,  Ohmoto ,  1972). 

Although  one  cannot  classify  the  types  of  ore  deposits 

or  say  very  much  about  their  genesis  on  the  basis  of  sul- 

34 

phur  isotope  values  alone,  the  narrow  range  in  6  S  values 
and  near  magmatic  mean  value  from  the  Ruttan  Lake  ores  in¬ 
dicates  a  homogeneous  source  of  sulphur.  The  slight  in¬ 
crease  in  sulphur  isotopic  composition  and  of  barium  to¬ 
wards  the  stratigraphic  top  of  the  deposit  suggests  possible 

34 

assimilation  of  seawater  sulphur.  With  the  average  6  S 
value  near  zero,  the  source  of  the  depositing  ore  solution 
was  magmatic.  Homogenization  or  redistribution  of  sulphur 
isotopes  of  the  sulphides  by  metamorphism  have  been  super¬ 
imposed  upon  the  original  sulphur  isotope  distribution  among 
co-existing  minerals. 
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B.  Fe  Content  in  Sphalerite 

Sphalerites  for  which  complete  analyses  were  made 
all  approach  stoichiometric  Zn  -  Fe  -  S.  The  average 
metal  to  non-metal  ratio  for  the  twenty  sphalerite  grains 
analyzed  was  .985.  The  range  of  FeS  mole  percent  was  7.13 
to  12.64  and  averaged  10.69 

Barton  and  Toulmin  (1966),  Clark  (1966)  and  Scott 
and  Barnes  (1971)  pointed  out  that  the  iron  content  in 
sphalerite  co-existing  with  pyrite  and  pyrrhotite  was  very 
sensitive  to  variations  in  temperature  and  fugacity  of 
sulphur.  The  use  of  the  iron  content  in  sphalerite  co¬ 
existing  with  pyrite  and  pyrrhotite  as  a  geothermometer 
may  be  applied  to  the  Ruttan  Lake  deposit  if  it  is  assumed 
that  (Scott,  1974): 

(i)  the  sphaler ite-pyrrhotite-pyrite  attained 
equilibrium  at  the  temperature  of  ore 
formation , 

(ii)  the  relation  between  activity  and  molality 
of  FeS  in  sphalerite  does  not  change  in 
the  sphalerite-pyrite  field  at  temperatures 
below  300°C  and, 

(iii)  the  inversion  of  hexagonal  pyrrhotite  to 
monoclinic  pyrrhotite  does  not  affect  the 
slope  of  the  pyrite-pyrrho tite-sphaierite 


solvus . 
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The  physical-chemical  variables  defining  the  iron 
content  of  sphalerite  in  the  Zn  -  Fe.  -  S  system  are  tem¬ 
perature,  fugacity  of  sulphur  and  total  pressure.  Appli¬ 
cation  of  the  experimental  results  to  sphalerite  from  the 
Ruttan  Lake  deposit  gives  a  temperature  of  formation  be¬ 
tween  160°  and  210°C  (see  Figure  25).  For  this  tempera- 

-13 

ture  range  the  probable  fS2  range  lies  between  10  and 

-17 

10  (see  Figure  26).  In  the  three  phase  assemblages 
(pyrite  +  pyrrhotite  +  sphalerite)  the  equilibrium  fuga¬ 
city  of  sulphur  is  fixed  by  the  pyrite-pyrrhotite  buffer 
system,  therefore  the  iron  content  of  sphalerite  is  more 
restricted  as  it  is  only  a  function  of  the  total  pressure 
at  a  given  temperature  (Scott,  1974).  From  Figure  27  we 
can  estimate  a  total  pressure  involved  during  ore  deposi¬ 
tion  from  approximately  6  to  6.2  kilobars  in  the  tempera¬ 
ture  range  160-210°C.  Since  the  isobars  of  Scott  and 
Barnes  (1971)  are  extrapolated  ones  at  pressures  higher 
than  one  kilobar,  these  pressure  values  are  only  tentative. 
These  changes  in  physicochemical  conditions  of  the  ore- 
forming  solution  could  be  explained  by  use  of  fC>2  ~  pH 
diagrams.  From  work  done  by  Sato  (1971)  an  estimated  fu¬ 
gacity  of  oxygen  for  the  above  temperature  range  would  vary 
from  10  ^  to  10  ^  atm  and  pH  could  vary  from  3.6  to  5.0. 
Common  occurrences  of  sericite  and  quartz  mineral  assem¬ 
blages  near  the  hanging  wall  in  the  Ruttan  ore  body  suggests 
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Figure  25.  FeS  -  ZnS  -  S  System  at  Low 

Temperatures  (from  Scott 
and  Kissin,  1973,  Econ. 
Geol .  68,  p.  478) 
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Figure  26. 


Temperature  -  fS2 
Diagram  showing 
Fe-content  in 
Sphalerite  in 
Equilibrium  with 
Pyrite  (from 
Scott,  1974) 
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Figure  27. 

Isobars  for  the 
FeS-ZnS-S 
System  (from 
Scott,  1973, 
Econ.  Geol. 
68,  p.  469) 
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that  the  pH  of  the  ore-forming  solution  was  near  neutral  at 
the  time  of  ore  formation  or  became  more  neutral  towards  the 
upper  part  of  the  ore  body  as  sulphur  isotopes  became  heavier 
(Helgeson,  1969) . 

Since  "the  iron  content  of  sphalerite  is  unusually  re¬ 
sistant  to  post  mineral  changes"  (Barnes,  1967),  its  use  in 
studying  the  genesis  of  metamorphosed  massive  sulphide  deposits 
can  be  very  useful.  However,  until  more  experimental  studies 
on  the  Zn  -  Fe  -  S  system  in  pyrite  field  at  temperatures 
below  300°C  is  available,  the  results  of  this  study  cannot 
be  considered  conclusive. 

C.  Isotopic  Data  of  Ore  Lead 

From  Figures  28  and  29  it  can  readily  be  observed  that 
the  lead  isotope  ratios  from  the  Ruttan  Lake  ore  minerals  dis¬ 
play  a  distinctly  anomalous  linear  relationship.  Armstrong 
(1968),  Stanton  and  Russel  (1959),  and  Russel  et  al .  (1966) 

suggest  mixing  to  explain  such  anomalous  leads. 

That  the  anomalous  lead  line  does  not  cut  the  growth 
curve  suggests  'that  more  than  a  two-stage  lead  evolution 
occurred,  hence  a  multi-stage  model  must  be  considered.  An 
integrated  age  of  the  source  leads  can  be  calculated  from  the 
slope  R  (^^Pb/^^Pb)  /  (2^Pb/^^Pb)  of  the  best  fit  straight 
line  through  the  data.  See  Appendix  D  for  method  of  calcu- 
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lating  slope.  The  anomalous  lead  line  is  R  =  0.116  and  this 
line  does  not  intersect  any  single-stage  growth  curve  with  a 

O  O  O  O  A  A 

reasonable  value  of  u/  Pb.  Slope  R  =  0.116  results  in 
an  integrated  model  age  of  1900  m.y.,  which  is  meaningless 
unless  mineralization  occurred  recently  (from  APL  program 
DATE76).  Assuming  y  =  8.7,  the  anomalous  uranium-lead  line 
intersects  the  growth  curve  at  approximately  2850  m.y.,  pro¬ 
viding  an  upper  limit  on  t,  in  a  three-stage  or  four-stage 
model . 

i 

In  Figure  29  an  anomalous  lead  line  best  fit  with  slope 
R(  Pb/  Pb) / (  Pb/  Pr>)  can  be  drawn  through  the  data 
and  hence  confirms  the  anomalous  lead  mixing  pattern  involving 
open-system  evolution.  The  slope  is  estimated  to  be  0.89326 
and  a  value  of  Th/U  ratio  in  the  integrated  source  system  is 
calculated  to  be  about  2.45  (from  APL  program  DATE86).  That 
the  Th/U  anomalous  line  intersects  the  growth  curve  at  approx¬ 
imately  the  same  period  as  the  uranium-lead  line  might  indicate 
the  source  age  of  the  Ruttan  Lake  ore  leads  to  be  about  2850 
m.y.  The  lineal  pattern  means  that  the  ore  lead  in  the  region 
was  incorporated  in  a  crustal  environment  with  a  rather  re¬ 
stricted  or  narrow  range  of  Th/U  ratios  in  the  source  rocks. 

Why  the  two  pyrrhotite  samples  plot  above  the  best  fit 
line  is  uncertain.  From  the  polished  section  microscopy,  most 
of  the  pyrrhotite  in  the  Ruttan  deposit  appears  to  be  of  a 
secondary  origin,  hence  the  radiogenic  composition  of  lead  in 
the  pyrrhotites  may  differ  from  that  of  pyrite  and  chalcopyr ite . 
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The  more  relevant  age  limit  is  where  and  t^  approach 
eacn  other,  which  is  the  time  at  which  uranium  isotopes  were 
generating  lead  isotopes  in  the  ratio  R. 

X’-X,tR 

R  =  -JL-H - (Russel  et  al.,  1954) 

1 3  7 . 8  X  e  A  tR 

This  turns  out  to  be  t_,  -  114  0  m.y.  which  is  the  maximum 
value  t^  can  have. 

Validity  of  the  lead  model  interpretation  depends  on  the 
validity  of  the  assumptions  used  in  the  model.  The  dates 
1140,  1900  and  2850  m.y.  are  limiting  values  and  from  them 
one  can  construct  various  reasonable  models,  some  of  which 
may  be  more  acceptable  based  on  geologic  evidence: 

(i)  the  data  supports  a  three  or  higher  stage  develop¬ 
ment  of  lead  isotopes, 

(ii)  for  a  three-stage  model,  ages  t^,  t ^  and  t^  specify 
the  relevant  events.  The  source  of  lead  must  have  been  prior 
to  t^,  when  ordinary  lead  was  produced  from  a  well-mixed  sub- 
crustal  portion  of  the  earth  and  subsequently  introduced  into 
the  crust.  There  was  no  radiogenic  addition  of  lead  at  this 
time.  Growth  is  presumed  to  be  along  a  single-stage  curve 
until  time  t^  when  the  lead  was  emplaced  in  an  environment 
where  uranium  was  a  minor  element  as  compared  to  lead.  The 
maximum  age  for  t^  is  2850  m.y.  but  it  may  be  older.  At  t. 
remobilization  and  homogenization  due  to  some  major  event 
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appears  to  have  occurred  causing  variable  amounts  of  radio- 
genre  lead  to  be  generated.  The  age  t2 ,  when  a  new  source 
of  uranium  was  supplied,  can  occur  between  1900  and  1140  m. 
yrs.  The  1900  m.y.  corresponds  with  the  Hudsonian  orogeny 
which  may  have  caused  remobilization  followed  by  an  anomalous 
lead  mineralization  era.  However,  this  would  have  to  imply 
final  mineralization,  hence  t^  =  0.  It  is  more  likely  that 
a  massive  amount  of  uranium  was  introduced  just  prior  to 
1140  m.y.  and  that  the  lead  was  abstracted  shortly  thereafter 
and  mixed  with  the  older  lead  formed  during  the  event  t^. 
Since  this  time  the  radioactive  decay  of  U/Pb  and  Th/Pb  have 
been  proportional  so  as  to  form  the  linear  relationship  with 
radioactivity  increasing  as  time  decreases. 

Armstrong  and  Cooper  (1971)  have  proposed  a  tectonic- 
petrogenetic  model  for  lead  isotope  evolution  in  volcanic 
island  arcs  involving  a  mixture  or  interaction  process  be¬ 
tween  mantle  and  crust  and  the  pelagic  sediments  taken  into 
the  mantle  by  its  convection  current  are  probably  the  major 
source  of  lead  for  stratabound  ore  deposits. 

Kuo  and  Folinsbee  (1974)  pointed  out  that  in  metalo- 
genic  provinces  flanking  ancient  craton  margins  or  island 
arcs,  most  mineral  deposits  are  more  likely  to  behave  in  a 
combination  of  "episodic-random"  mixing  and  "continuous- 
random"  mixing,  and  rhat  anomalous  ore  leads  are  frequently 
encountered  peripherql  to  regions  in  which  conformable  (or 
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stratabound)  ore  leads  occur.  The  anomalous  leads  of  the 
Ruttan  Lake  deposit  seem  to  further  substantiate  this  point. 

In  summary,  the  lead  from  the  Ruttan  Lake  ores  were 
derived  from  a  well-mixed  subcrustal  portion  of  the  earth 
sometime  in  early  Archean  time.  At  this  time  they  were 
removed  from  the  primary  source  into  a  crustal  environment 
and  underwent  remobilization  during  the  Hudsonian  orogenies 
to  display  a  distinctly  anomalous  linear  relationship. 

D.  Trace  Elements 

Figure  30  shows  a  decrease  in  Fe/Mn  ratios  and  Figure 
31  shows  an  increase  in  Ba  in  the  Ruttan  Lake  ores  from  the 
footwall  to  the  hanging  wall.  The  increase  in  Ba  towards 
the  upper  part  of  the  ore  body  would  suggest  an  increasing 
contamination  of  seawater  and  hence  would  support  a  syngen- 
etic  relationship  between  the  deposition  of  the  volcanics 
and  of  the  ore  fluids  or  that  sulphide  deposition  took  place 
on  the  sea  floor  in  a  basin-like  depression  (McMillan,  1969) . 

The  dispersion  of  Fe  and  Mn  in  massive  sulphide  de¬ 
posits  and  their  relationship  to  marine  environments  has 
been  studied  by  many  authors.  Goodwin  (1964)  indicated  that 
manganese  decreases  in  concentration  in  the  pyritic  zone  and 
this  decrease  reflects  the  decrease  in  carbonate  content. 
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Hence  manganese  is  relatively  sensitive  to  a  change  of  en¬ 
vironment  from  one  of  predominantly  carbonate  deposition 
to  one  of  predominantly  sulphide  deposition.  Whitehead 
(1973)  also  proposed  that  variations  in  Fe  and  Mn  concentra¬ 
tions  can  be  attributed  to  environment  differences  that  were 
present  during  time  of  deposition. 

From  the  Ruttan  Lake  study  the  Fe/Mn  ratios  increase 
with  depth  (see  Figure  30).  It  is  unlikely  that  this  var¬ 
iation  is  due  to  metamorphism  since  the  metamorphism  appears 

f 

to  be  only  of  a  regional  nature  and  hence  temperatures  were 
probably  not  sufficient  to  redistribute  the  elements.  If 
this  trend  is  real  then  there  was  an  accumulation  of  Mn  and 
a  general  decrease  in  Fe  from  the  lower  parts  of  the  ore  body 
to  the  upper  part. 

Whitehead  (1973)  proposed  a  model  for  the  genesis  of 
massive  ore  deposits  believed  to  be  from  basin-like  depres¬ 
sions  within  a  marine  environment.  During  initial  stages  of 
fumarclic  activity,  the  Mn  was  reduced  within  the  sediment 
associated  with  the  fumaroles  or  sulphide  deposition  and  was 
removed  in  solution.  The  Mn  was  carried  to  the  periphery  of 
the  basin  where  there  was  a  preferential  accumulation  of  Mn 
with  respect  to  Fe.  The  increase  in  Mn  towards  the  top  of 
the  stratigraphic  sequence  could  be  the  result  of  the  frac¬ 
tionation  of  Mn  in  the  late  stages  of  volcanic  activity,  the 
reduction  of  Mn  and  its  subsequent  migration  during  ore  dia- 
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genesis,  and  a  reducing  environment  which  maintains  Mn  in  a 
soluble  state  until  there  is  an  environment  conducive  to  the 
precipitation  of  Mn. 

The  vertical  and  lateral  variations  shown  in  the  Ba  and 
Fe/Mn  ratios  in  the  Ruttan  ores  appear  to  be  consistent  with 
marine  basin  deposition  and  support  the  general  hypothesis 
of  volcanic-sedimentary  deposition  for  massive  sulphides,  but 
from  the  sulphur  isotope  study  the  influence  of  seawater  to 
ore  deposition  was  very  small. 
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CHAPTER  V  SUMMARY  AND  CONCLUSIONS 


Geological  mapping,  core  logging  and  optical  studies 
revealed  that  the  ore  of  the  Ruttan  Lake  deposit  are  pre- 
metamorphic  in  age.  The  deposit  contains  pitching  and 

swelling  masses  of  ore  whose  orientation  and  shape  seem  to 
be  due  to  the  deformation  and  metamorphism  that  have  af¬ 
fected  the  rocks  of  the  region.  Since  the  metals  forming 
the  ores  were  emplaced  in  their  enclosing  rocks  prior  to 
regional  metamorphism  and  deformation  that  affected  the 
host  rocks,  this  could  then  explain  the  metamorphic  grade 
of  the  host  rocks,  the  degree  of  deformation  by  transposi¬ 
tion  and  the  grain  size  of  the  sulphides. 

To  draw  some  conclusions  as  to  the  origin  and  physio- 
chemical  conditions  of  ore  emplacement  of  a  highly  meta¬ 
morphosed  deposit  such  as  Ruttan  Lake,  one  must  be  able  to 
'see*  through  this  metamorphism.  By  studying  the  chemistry 

of  the  ores,  i.e.  sulphur  isotopes,  Fe  content  in  sphal¬ 
erite,  trace  element  and  Pb  isotopes,  it  was  hoped  to  ac¬ 
complish  this. 

The  data  obtained  from  the  sulphur  isotope  studies 

34 

shows  a  comparatively  narrow  5  S  spread  of  the  sulphides 
in  the  Ruttan  Lake  ore  body.  The  geological  evidence  from 
the  area  indicates  high-rank  metamorphism  and  the  narrow 
spread  in  6  values  suggest  homogenization  or  redistri- 
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bution  of  5  S  values.  An  isotopic  temperature  derived 
from  this  data  would  have  an  average  greater  than  450°C 
which  appears  to  reflect  the  temperature  of  metamorphism 
rather  than  the  temperature  at  time  of  ore  emplacement. 

The  sulfur  isotopic  composition  of  the  sulphides  shows 
them  to  be  slightly  heavier  at  the  top  of  the  ore  body  and 
lighter  towards  the  base  which  would  indicate  an  increased 
oxidation  of  sulphur  and  perhaps  a  slight  assimilation  with 
seawater  sulphur.  If  Rye  and  Ohmoto  (1974)  are  correct, 
then  this  trend  is  real  as  the  metamorphism  can  redistri¬ 
bute  the  sulphur  isotope  ratios  but  will  not  change  the 
trend . 

The  narrow  range  of  sulphur  isotopic  composition  (with 
a  near  magmatic  mean  value)  of  the  Ruttan  Lake  sulphides 
indicates  a  magmatic  (volcanic)  source  of  the  sulphur  rather 
than  an  homogenized  product  (later  modified  by  metamorphism) 
of  contemporaneous  seawater  sulphates  and  ascending  volcanic 
sulphur.  .That  there  is  some  contamination  of  seawater 
is  evident  from  the  trace  element  study  but  it  was  not  suf¬ 
ficient  to  affect  the  sulphur  isotope  composition  to  any 
extent . 

Since  the  iron  content  in  sphalerite  is  generally  be¬ 
lieved  to  be  resistant  to  post  mineral  changes,  it  is  pos¬ 
sible  to  make  some  conclusions  as  to  physiochemical  condi¬ 
tions  at  time  of  ore  deposition.  Hence  assuming  equilibrium 
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deposition  of  pyrite,  pyrrhotite  and  sphalerite,  the  results 
can  be  compared  with  experimental  work  in  the  Fe-Zn-S  system 
done  by  Scott  (1974)  below  300°C.  Temperature  of  ore  depo¬ 
sition  would  be  160°-210°C  and  pressure  range  would  be  ap¬ 
proximately  6  kilobars.  The  pressure  of  6  Kb  is  probably 
the  finally  established  pressure. 

Lead  isotope  data  of  the  Ruttan  Lake  mineralization  is 
not  concordant  with  growth  curves  for  large  stratabound  ore 
bodies  determined  by  Cooper  et  al.  (1969) .  The  data  support 
a  three  or  higher  stage  development  of  lead  isotopes  and  sug¬ 
gests  an  Archean  parentage  with  a  maximum  upper  limit  on  t^ 
of  2850  m.y.  with  mineralization  occurring  sometime  between 
1900  m.y.  and  1140  m.y.  ago. 

The  non-uniformity  of  the  Pb  isotope  ratios  suggests 
that  the  Ruttan  Lake  leads  were  extracted  from  the  immediate 
basement  through  which  ore  solution  passed,  which  would  prob¬ 
ably  consist  of  all  types  of  rocks  and  therefore  various  lead 
isotopic  compositions.  However,  it  seems  more  probable  that 
the  leads  were  derived  from  a  certain  deep-seated  source  and 
were  well-mixed  followed  by  at  least  two  major  events  subse¬ 
quent  to  ore  deposition. 

The  trace  element  study  shows  evidence  that  the  Ruttan 
Lake  ores  appear  to  be  consistent  with  marine  basin  deposi¬ 
tion  and  support  the  general  hypothesis  of  volcanic-sediment¬ 
ary  deposition  for  massive  sulphides.  If  so,  the  sulphides 


...  .  . 

* 

*  •  V- 


133 


of  the  deposit  were  supplied  by  hydrothermal  emanations 
(porsibly  related  to  volcanism  or  some  unknown  source)  and 
emplaced  roughly  in  their  present  concentrations  in  the 
intercalated  volcanic  and  sedimentary  rocks  at  essentially 
the  same  time  as  these  rocks  were  laid  down. 
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APPENDIX  A 

Recipe  for  Magnetic  Colloid 
(from  Scott,  1974,  p.  5-18) 


1.  Dissolve  2  grams  FeCl-  •  4H~0  and  5.4  grams  FeCl-.  • 

6H2O  in  300  cc  of  distilled  water  at  70°C. 

2.  Dissolve  5  grams  NaOH  in  50  cc  distilled  water. 

3.  Mix  solutions  1  and  2  and  stir  vigorously.  Filter 

black  precipitate  and  rinse  several  times  with 
distilled  water  and  finally  with  O.OlN  HCl.  Place 
the  black  precipitate  in  500  cc  0.05%  sodium 
oleate  solution  and  boil  for  a  short  time  to  mix 
the  soap  solution  and  precipitate.  The  resulting 
colloid  is  stable  for  many  months. 
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APPENDIX  B 

Extraction  of  Lead  from  Sulfide  Minerals 
(from  S.L.  Kuo,  personal  communication,  1974) 

Metallic  sulfides  such  as  pyrites,  pyrrhotites, 
chalcopyrites ,  sphalerites,  etc.  nearly  always  contain  at 
least  microgram  traces  of  lead.  The  relatively  large 
amount  of  iron  present  can  be  chemically  separated  from 
the  lead  by  employment  of  an  ion-exchange  resin  column 
stripping  procedure. 


1.  Place  0.5  1  gm  of  sulfide  in  a  vvcor  crucible. 

Add  15  cc  of  6N  HNO3  and  a  few  cc  of  6N  HCl.  Gently 
evaporate  to  dryness  on  a  hot  plate  (this  may  take 
10  12  hour  s ! )  . 

2.  Add  4  cc  of  6N  HCl,  evaporate  to  dryness.  Repeat 
this  step  with  2  cc  of  6N  HCl. 

3.  Add  20  cc  of  IN  HCl  to  dissolve  the  evaporate. 

4.  Centrifuge  or  filter  the  sample  solution,  then  pour 
this  solution  into  an  ion-exchange  column  which  is 
packed  with  DOWEX  l-x8  resin  settled  in  IN  HCl.  The 
particular  columns  used  are  approximately  1  cm  x  30 
cm  with  a  100  cc  capacity  reservoir. 

5.  Pass  the  IN  solution  through  the  column.  Discard  the 
eluate.  Wash  the  reservoir  twice  with  15  cc  of  IN 
HCl,  allowing  the  HCl  to  pass  through  the  column. 

This  will  remove  traces  of  solution  adhering  by 
capillary  action. 

6.  Elute  the  columns  with  70  cc  of  IN  HCl. 

7.  Strip  Pb  from  the  resin  by  adding  60  cc  of  3D  H^O. 

The  first  10  cc  of  the  eluate  can  be  discarded. 
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APPENDIX  B  (cont'd) 


8.  Evaporate  the  solution  to  dryness, 

9.  Convert  the  evaporate  to  nitrate  form  by  adding  2  cc 
of  concentrated  HNO^  and  again  evaporate  to  dryness. 
Repeat  this  procedure  once  more.  Take  up  the  evapo¬ 
rate  with  10  cc  of  dilute  (2%)  HNO^ • 


The  above  procedure  will  yield  relatively  clean  lead. 
However,  a  dithizone  extraction  of  this  lead  is  re¬ 
quired  to  give  a  good  run  on  the  mass  spectrometer. 
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APPENDIX  C 

Procedure  for  Loading  Samples  on  Re-Filament 
(Modified  by  Tatsumoto,  1973) 


1.  Load  1  drop  of  Silica-gel  on  filament  and  evaporate 
to  dryness  with  overhead  heat  lamp.  Should  turn  a 
definite  white  color. 

2.  Put  1  drop  of  Phosphoric  Acid  (.75  pure)  into  Pb 
sample  and  concentrate  by  evaporating. 

3.  Place  i  drop  (small  amount  only)  on  silica-gel  and 
again  evaporate.  Should  be  able  to  see  it  fuse  with 
the  silica-gel. 

4.  Turn  up  current  to  .7  or  .8  amp  and  hold  there  for 
15  to  20  minutes. 

5.  Turn  current  up  until  phosphate  starts  to  fume  off. 

6.  Once  phosphate  has  fumed  off  turn  current  up  till  it 
glows  red.  Flick  back  and  forth  two  or  three  times. 

7.  Turn  current  off.  Loaded  sample  should  be  in  centre 
of  filament  and  appear  a  white  color. 
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APPENDIX  D 

Lead  Isotope  Regression  Formula 
(from  S.L.  Kuo,  personal  communication,  1975) 


R 


tan  2  0 


1 

tan^  20 


+  1 


where  R  =  slope 


tan  20 


2  x  E  yv 

2  2 
My  "  v  ) 


v  =  yi  -  y 

x  -  x  centroid 
y  =  y  centroid 


Uncertainty  of  slope 

(1  +  R2 )  I  (V  -  Ry )  2  __ 
(n  -  2)  [  Z  (y2 )  +  I(v2)] 


6  R  = 


u 


PLATE  I  MICROPHOTOGRAPHS  ' 


Photograph 

1. 

2. 


Description 

Massive  ore-pyrite,  chalcopyrite  and 
pyrrhotite;  quartz  gangue;  sample 
no.  R-105D;  Mag.  4X 

Colloform’  Texture  in  Massive  pyrite. 
Sample  No.  R-103D;  Magnification 
4X 

Exsolution  of  Chalcopyrite  and  Pyr¬ 
rhotite  in  Sphalerite;  Quartz  and 
Biotite  Gangue.  Sample  No.  R-120; 
Magnification  4X 


3. 
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PLATE  II  MICROPHOTOGRAPHS' 


Photograph 

4. 

5. 


Description 

Disseminated  Pyrite,  Chalcopyrite 
and  Pyrrhotite  in  Chlorite- 
Biotite  Schist.  Sample  No. 
R-100A;  Magnification  4X 

Disseminated  Pyrite  and  Pyrrhotite 
in  chlorite,  biotite  schist. 
Sample  No.  R-100B;  Mag.  4X 

Pyrite,  Pyrrhotite  and  Chalcopyrite 
with  film  of  magnetic  colloid 
showing  monoclinic  pyrrhotite. 
Sample  No.  R-107D;  Mag.  4X 


6. 
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